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Abstract 
There has been increasing demand for microparts in the areas of electronics, automotive, 
biomedical and micro-electro-mechanical systems. Microinjection molding (μIM) is becoming 
an important technology to fabricate miniature products or components to satisfy the ever-
increasing needs of the above industries. Polymers and polymeric composites are ubiquitously 
adopted as molding materials due to their weight advantage, good processability and excellent 
resistance to corrosion.  
Earlier studies have been primarily focused on the μIM of unfilled thermoplastics; however, 
microparts with multi-functionalities, such as electrical, thermal and mechanical properties are 
always accommodated by using multi-functional filler loaded polymer composites. Recently, 
μIM of carbon nanotubes (CNT) filled polymer composites has received much attention due 
to its commercialization potential. However, a comprehensive study is necessary to understand 
the properties of carbon filled micromoldings. Thus, it is important to understand the effects 
of the extreme shearing and cooling conditions which are common features of μIM, due to the 
very high molding temperatures and molding pressures as well as injection velocities involved 
and the very large surface area to volume ratio of microparts. These characteristics of the μIM 
process significantly determine the microstructure of the parts, thereby affecting the properties 
of final micromoldings.  
In the present research, the influence of process parameters (i.e. melt temperature, mold 
temperature, backpressure and injection velocity), the types of carbon fillers (i.e. CNT, carbon 
black, graphite nanoplatelets and graphite) and the host polymer matrices (i.e. polypropylene, 
polystyrene, polyamide 6 and polycarbonate), the adoption of CNT filled immiscible polymer 
blends, and the hybrid carbon fillers loading on the electrical and morphological properties of 
carbon-containing microparts was systematically investigated. To this end, a rectangular mold 
insert which has three consecutive zones with step decreases in thickness along the melt flow 
direction was used to explore the effect of abrupt changes in mold geometry on the distribution 
of carbon fillers within subsequent moldings. To facilitate characterizations, the microparts 
were divided into three sections based on part thickness, namely thick section, middle section 
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and thin section. The volume electrical conductivity for each section of carbon filled microparts 
was measured using a two-probe method, which was correlated with the development of 
internal microstructure, as characterized by morphology observations. Therefore, the study was 
carried out according to the sequence described below: 
Firstly, the effect of process parameters (i.e. melt temperature, mold temperature, backpressure 
and injection velocity) on the properties of 10 wt% CNT filled polypropylene (PP) composites 
was explored by employing the design of experiments method. The distribution of maximum 
shear rates along the melt flow direction was simulated via Moldflow (Autodesk), and the state 
of distribution of CNT within each section of the microparts was examined using a high-
resolution scanning electron microscope (SEM). The melting and crystallization behavior of 
microparts molded from unfilled PP and PP/CNT 10 wt% composites at different sampling 
positions along the flow direction was studied using differential scanning calorimetry (DSC). 
Results showed that there is no significant difference between the melting behavior for sections 
taken from both microparts. However, the crystallization process of unfilled PP taken from 
different regions of the microparts is temperature dependent (i.e. sections taken from high shear 
regions crystallize first), and such behavior is not significant for CNT-containing counterparts. 
In addition, the crystallization of PP was significantly accelerated with the presence of CNT. 
For example, the crystallization temperature for sections taken from the PP/CNT 10 wt% 
microparts is at least 8oC higher than respective sections taken from pure PP microparts. 
Secondly, the influence of host polymer matrix selection and the loading concentration of CNT 
on the electrical and morphological properties of nanotubes-containing microparts was studied 
by adopting various polymer matrices based on their polarity and crystallinity. The adopted 
host polymers were PP, polystyrene (PS), polycarbonate (PC) and polyamide 6 (PA6), 
respectively. Results suggested that the choice of host polymer(s) could significantly influence 
the microstructure development within the microparts, thereby affecting the electrical 
conductivity. Additionally, the percolation threshold of polymer/CNT microparts shifted to 
higher filler concentrations, when compared with that observed for the compression molded 
counterparts. Furthermore, the thermal stability of PP/CNT and PC/CNT composites, as well 
as subsequent microparts, was studied using thermogravimetric analysis (TGA). Moreover, the 
melting and crystallization behavior of CNT filled PP and PA6 counterparts were evaluated 
using DSC.  
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Thirdly, the concept of selective localization of CNT in immiscible polymer blends was studied 
by adopting poly(lactic acid)/poly[(butylene succinate)-co-adipate] (PLA/PBSA) blend as the 
host matrix. The weight ratio of PLA to PBSA is 70:30 and the concentration of CNT is fixed 
at 5 wt%. Four different types of compounding procedures were employed to study the effect 
of compounding sequence of various components on the electrical conductivity of subsequent 
microparts. Results indicated that the electrical conductivity of PLA/PBSA/CNT microparts is 
invariably higher than that of CNT loaded mono-PLA counterparts, regardless of the 
component blending sequence. The prevailing high shearing conditions in µIM led to the 
coalescence of CNT-enriched PBSA domains, which is beneficial to the formation of 
conductive pathways along the flow direction, as confirmed by SEM observations. The thermal 
properties of CNT-containing blends and sections of associated microparts were characterized 
using TGA and DSC, respectively.  
Fourthly, the influence of different types of carbon fillers on the electrical and morphological 
properties of microparts was carried out by adopting PP as the model host matrix. Different 
types of carbon fillers such as CNT, high structure carbon black (CB), graphite nanoplatelets 
(GNP) and graphite (i.e. synthetic graphite and low temperature expandable graphite) were 
employed as the conductive fillers. Results suggested that the evolution of microstructure is 
strongly dependent on the type of carbon filler used in µIM, which is crucial to the 
enhancement of electrical conductivity for resulting microparts. For example, the utilization of 
high structure CB and CNT is beneficial to the formation of conductive pathways within the 
molded samples. In addition, the adoption of large size low temperature expandable graphite 
(LTEG) is essential to the formation of intact conductive network, thereby enhancing the 
electrical conductivity moldings for subsequent moldings. 
Lastly, the influence of hybrid carbon filler (i.e. CB and CNT) loading on the electrical and 
morphological properties of microparts was studied by systematically changing the weight 
ratio of CB to CNT in the PS matrix. A series of polymer composites with three different filler 
concentrations (i.e. 3, 5 and 10 wt%) at various weight ratios of CNT/CB (100/0, 30/70, 50/50, 
70/30, 0/100) were prepared by melt blending, then followed by μIM under a defined set of 
processing conditions. Results showed flow-induced orientation of the carbon fillers increased 
with increasing shearing effect along the melt flow direction. High structure CB is found to be 
more effective than CNT in terms of enhancing the electrical conductivity. This was attributed 
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to the good distribution of CB particles in PS and their ability to form conductive pathways via 
self-assembly. Furthermore, it was found that an annealing treatment is advantageous for 
enhancing the electrical conductivity of CNT-containing microparts, whereas the electrical 
conductivity of only CB filled counterparts decreased. 
Keywords 
Microinjection molding; Polymer composites; Carbon fillers; Immiscible blends; Hybrid 
fillers; Electrical conductivity; Microstructure; Thermal analysis. 
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Chapter 1  
1 Introduction 
1.1 Motivation 
Polymers and polymer-based composites have become an important factor in our daily life 
due to their low density, ease of processability and resistance to corrosive environments, 
when compared with metals and other materials. Injection molding has been traditionally 
geared to mass fabrication of products in several industrial sectors, such as automotive and 
electronics among others. Currently, a trend of miniaturization of components in various 
sectors has triggered a thriving market for fabricating minute products. In addition, the 
advances in microsystems and micro-electro-mechanical systems (MEMS) require 
development of suitable micro-molding technologies [1]. In this scenario, several micro-
processing technologies, such as microinjection molding (µIM), hot embossing, injection-
compression molding and thermoforming have been developed [2]. Among them, µIM has 
been widely employed at large scale production thanks to its short cycle times, full-
automation ability, accurate replication and dimensional control [3]. 
Conventionally, microparts should satisfy at least one of the following features [4]: 
✓ Part weight is several milligrams, and in some cases even a few micrograms; 
✓ Part dimensions are within the order of micrometer range (for example, micro 
filters and diffraction gratings);  
✓ Tolerances of part dimensions are within the order of micrometer range (such as 
microfluidic cells, optical components and some biomedical devices). 
Recently, a considerable number of studies have been carried out to evaluate the products 
molded from unfilled thermoplastics by µIM [5–10]. However, in the case of applications 
which require microparts that fulfill multi-functional properties, such as combinations of 
electrical, thermal and mechanical properties, are commonly accommodated by using 
polymeric composites. Thus, the micromolding of filler-containing polymer composites is 
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receiving increasing attention following recent progress in μIM of unfilled thermoplastic 
polymers [11–14].  
Conductive polymers and conductive polymer composites (CPCs) have a variety of 
practical applications, such as sensors, electromagnetic interference (EMI) shielding and 
electrostatic dissipation (ESD) protection, depending on the levels of electrical 
conductivity [15–17]. Although conductive polymers can be synthesized by either 
chemical or electrochemical methods, the yield from the above-mentioned polymerization 
process is quite small [18,19]. In addition, conductive polymers generally demonstrate poor 
mechanical properties and processability [19,20]. Therefore, their applications have been 
limited to the areas of biomedical, biosensor and tissue engineering [19,21,22]. As a result, 
CPCs have promising applications in the antistatic, EMI shielding, thermal management, 
fuel cells, sensing and other areas [16,23–26].  
Traditionally, the addition of highly conductive fillers into insulating polymers has been 
regarded as an effective way to improve overall thermal and electrical performance. Thus, 
metallic particles [27–30] and carbonaceous fillers [31–34] are commonly adopted thanks 
to their intrinsically high thermal and electrical conductivities. The major drawback 
associated with the use of metallic fillers is possible oxidation of metal elements into metal 
oxides which could, to some degree, limit the enhancement of electrical and thermal 
conductivities of subsequent composites [35]. In addition, the density of metallic particles 
loaded polymer composites increases simultaneously with increasing filler concentrations. 
For example, Ramezani Kakroodi et al. [30] reported that the addition of 50 vol% iron 
particles in maleated polyethylene (MPE) led to a density of 4.08 g/cm3 for subsequent 
composite due to the high density of iron (7.20 g/cm3). Therefore, carbon-based fillers are 
considered as a class of promising multi-functional additives thanks to their intrinsically 
high thermal and electrical conductivities, lightweight, and natural abundance [36].  
Basically, insulating polymers will become conductive when the added functional fillers 
attain a three-dimensional (3D) structure within the host polymers. As a result, electrical 
conductivity of subsequent composites would change significantly with a slight alteration 
of filler concentration. The characteristic filler concentration at which transition from the 
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insulating polymers to conductive composites occurs is recognized as the percolation 
threshold, pc. The CPCs can be fabricated by using in situ polymerization, solution mixing 
or melt blending [16,37,38]. Melt blending technique has been widely adopted due to 
attractive energy and environmental considerations as well as compatibility with current 
industrial processing techniques, such as extrusion and injection molding processes [39].  
1.2 Carbonaceous fillers 
Carbon, the sixth element in the periodic table, has been known since prehistoric time [40]. 
The family of carbon contains several types of allotropic forms, such as diamond, graphite, 
fullerenes, amorphous carbon and carbon nanotubes [41], depending on the organization 
and arrangement of carbon atoms, as displayed in Figure 1.1. Consequently, the properties 
of carbon allotropes vary significantly.  
For example, diamond which consists of sp3 hybridized carbon atoms, has been applied in 
industrial cutting and polishing tools as well as gemstones owing to its extreme hardness 
and very high optical transparency [40,42]. However, graphite, a naturally abundant 
material, can be seen as stacks of graphene nanosheets which are weakly bonded by Van 
der Waals forces [34]. Graphene consists of a single layered structure with honeycombed 
sp2 hybridized carbons, which imparts graphene superior electrical and thermal 
conductivities [43–46]. As a result, graphite has been considered as an excellent cost-
effective candidate for enhancing the thermal and electrical conductivities of polymers 
[26,37,47]. To enhance the electrical conductivity of insulating polymers, the most 
commonly adopted carbon fillers are carbon black (CB), graphene, carbon nanotubes 
(CNT) and graphite of various forms, such as flake graphite (FG) and expandable graphite 
(EG). Thus, the properties of each type of carbon fillers will be discussed in the following 
part. 
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Figure 1.1 Allotropes of carbon. (a) Diamond. The carbon atoms are bonded together in a 
tetrahedral lattice arrangement. The carbon atoms are sp3 hybridized. (b) Graphite. The 
carbon atoms are bonded together in sheets of a hexagonal lattice. The Van der Waals force 
bonds all sheets together. The carbon atoms are sp2 hybridized. (c) Amorphous carbon. The 
carbon atoms are randomly arranged. (d) Spherical fullerene, C60. The carbon atoms of 
C60 are bonded together in pentagons and hexagons. (e) Ellipsoidal fullerene, C70. The 
carbon atoms are bonded together in an ellipsoidal formation. (f) Tubular fullerene, single-
walled carbon nanotube (SWCNT). The carbon atoms are in a tubular formation [40]. 
1.2.1 Carbon black (CB) 
CB is a broad term, which encompasses furnace black, thermal black, lamp black, channel 
black and acetylene black, depending on their manufacturing methods [48]. According to 
Kühner and Voll [49], the production process for CB can be classified into two categories: 
(1) Incomplete combustion, i.e. the thermal-oxidative decomposition, is the most important 
process for manufacturing CB. For example, at least 98% CB consumed worldwide was 
prepared by incomplete combustion. (2) Thermal decomposition of hydrocarbons, i.e. the 
thermal decomposition of hydrocarbons in the absence of oxygen, comprises only a small 
portion of overall production in comparison with the incomplete combustion process.  
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The major consumption for CB is by the tire industry to enhance the tear strength and the 
wear properties of tires [50]. In addition, CB is widely adopted as a conductive filler, an 
ultraviolet light stabilizer, an antioxidant, a pigment or colorant [51–57]. For example, 
Huang [48] reported that CBs with large surface area are suitable as conductive particles. 
Also, the particle size (surface area), structure and surface chemistry of CBs are critical for 
enhancing the electrical conductivity of polymer composites. 
Balberg [58] pointed out that the pc of CB filled polymer composites is strongly related to 
the structure of CB and the molding conditions. For example, Huang [48] found that the 
utilization of CB with higher structure, larger surface area and lower volatile content leads 
to higher electrical conductivity of subsequent polymer composites. However, this will in 
turn result in higher melt viscosity, which will impair their processability at very high CB 
loading concentrations.  
1.2.2 Graphene 
Graphene has received enormous research attention since the seminal work reported by 
Novoselov et al. [59]. Graphene is recognized as a 2D carbon filler with a one-atom-thick 
planar sheet of sp2 bonded carbon atoms that are densely packed in a honeycomb crystal 
lattice [60], which can be seen as the building material of other carbon materials, as shown 
in Figure 1.2. The typical planar structure endows graphene with exceptional thermal, 
electrical and mechanical performance [43–46]. Therefore, graphene has been extensively 
studied as a prospective nanofiller to fabricate multi-functional polymer composites 
[61,62], which have a wide range of potential applications in several industrial sectors, 
such as lightweight structural materials, sensors, electronics, and thermal interface 
materials [63]. 
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Figure 1.2 Graphene, a 2D starting structure, can be wrapped up into 0D buckyballs, rolled 
into 1D nanotubes and stacked into 3D graphite [64]. 
Stankovich et al. [61] reported that the pc of polystyrene (PS)/graphene composites is about 
0.1 vol% which can be attributed to the extremely high aspect ratio of graphene nanosheets, 
very high surface area (~2600 m2/g) and uniform dispersion in the host matrix. Ramanathan 
et al. [65] found that there is a remarkable increase of the glass transition temperature (Tg) 
for poly(methyl methacrylate) (PMMA) at 0.05 wt% graphene. Rheology measurements 
indicated that a percolated structure was attained at identical filler concentration, which is 
responsible for the marked improvement of mechanical properties. This is undoubtedly 
attributed to the good dispersion of graphene nanosheets and strong interfacial interaction 
with the host matrix. Fang et al. [66] reported that the tensile strength and Young’s modulus 
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of PS/graphene composites increased 70% and 57%, respectively, when compared with the 
unfilled polymer matrix, with the addition of merely 0.9 wt% graphene nanosheets.  
The single layer graphene also exhibits exceptional thermal conductivity (~5300 W/mK) 
[45]. For example, Yu et al. [67] reported that the thermal conductivity of polyvinylidene 
fluoride (PVDF)/graphene composites was almost double that of pure PVDF at 0.5 wt% 
graphene. Unlike the remarkable increase of electrical conductivity in the vicinity of pc, 
the enhancement of thermal conductivity is not as drastic as that of electrical conductivity. 
This could be attributed to the smaller difference (~5.3×104) in the thermal conductivity 
between unfilled polymers (0.1-0.3 W/mK [32]) and graphene [45] when compared with 
electrical conductivity which has a difference up to 6×1018 [68]. In addition, the phonon 
mismatch between the filler-polymer and/or filler-filler interfaces leads to high thermal 
resistance, thereby hindering overall enhancement of thermal conductivity [68]. 
Although graphene nanosheets are capable of offering unrivaled mechanical, electrical and 
thermal properties, the preparation of high quality graphene is rather lengthy and costly 
which hinders its large scale application [62,69,70]. In addition, the major challenge for 
the preparation of graphene filled polymer composites is to obtain uniform dispersion and 
distribution of nanofillers within the host matrix while still maintaining the integrity of 
single layered nanosheet [63]. To best transfer the exceptional electrical conductivity and 
mechanical properties of graphene nanosheets to the host polymers, the resultant polymer 
composites were either prepared by solution mixing or the in situ polymerization process 
[60,71,72], which is not compatible with current industrial processing practice, such as 
extrusion and/or injection molding. However, much more graphene is typically needed to 
achieve the desired performance of composites prepared by melt blending. For example, 
Gaikwad et al. [73] reported that the pc for melt processed samples is about 7 wt%, which 
was attributed to the reduction of the aspect ratio of graphene flakes induced by the high 
shear forces involved in the melt blending processes. 
1.2.3 Carbon nanotubes (CNT) 
The studies concerning CNT have surged since the pioneering work reported by Iijima in 
1991 [74]. Nanotubes are ideally regarded as the rolled-up structure of graphene nanosheets 
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(as given in Figure 1.2), which are capped by half of a fullerene at each end [75]. CNTs 
could be classified into single-walled carbon nanotube (SWCNT) and multi-walled carbon 
nanotubes (MWCNT), depending on the number of concentric graphene cylinders [76]. 
The properties of CNT could be determined by the diameter of nanotubes and helicity of 
carbon atoms in the nanotube shell [77]. For example, CNT can be either metallic or semi-
conductive. The atomic models of SWCNT structure are shown in Figure 1.3. Grobert [75] 
pointed out that, for typical diameters, the armchair and one-third of all zigzag nanotubes 
are metallic whereas the rest are semi-conductive. 
 
Figure 1.3 The models of SWCNT structure [75]. 
CNT has been recurrently employed as an excellent additive to enhance the properties of 
metals [78,79], ceramics [80], wood [81] and polymers [38,82–85], thanks to its high 
aspect ratio (>1000), electrical and thermal conductivities, and exceptional mechanical 
properties [77,86–88]. For example, Ma et al. [89] found that the addition of CNT can 
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significantly improve the electrical conductivity of resultant composites, which was 
attributed to the higher aspect ratio and intrinsically higher electrical conductivity of CNT. 
However, the expected merits of incorporating CNT into the polymer matrices are always 
constrained due to the poor interfacial interaction between CNT and host polymers [90], 
the quality of CNT dispersion in the host matrices [84], and the processing techniques 
[85,87]. Thus, a variety of surface modification techniques have been developed to improve 
the interfacial interactions between the polymer matrix and CNT [91–94]. Velasco-Santos 
et al. [94] reported that the chemical modification of CNT could efficiently improve the 
mechanical transfer from the polymer matrix to nanotubes. For example, both the storage 
modulus (G') and Tg of PMMA/CNT composites were increased by 1135% and about 40
oC 
with the addition of 1 wt% functionalized CNT when compared with their counterparts 
with unmodified CNT. In addition, a layer of PS surrounding CNT could be formed by in 
situ polymerization [92], as displayed in Figure 1.4(b). Thus, the presence of the PS layer 
leads to an improved dispersion of CNT in the PS, which can significantly enhance the 
mechanical properties of resultant composites. 
 
Figure 1.4 TEM of (a) purified CNT and (b) functionalized CNT [92]. 
Although the improved dispersion of modified nanotubes is beneficial to the enhancement 
of mechanical properties of corresponding polymer composites, it would be detrimental to 
the enhancement of electrical conductivity owing to the destruction of surface integrity of 
nanotubes and the presence of insulating polymer layers due to the modification treatment 
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[95–97]. Moreover, the pc of CNT filled polymer composites can be significantly affected 
by varying the aspect ratio and the state of distribution of nanotubes within the host matrix 
[98].  
The electrical conductivity of CNT-containing composites could also be influenced by the 
employed processing techniques which may affect the distribution and orientation of added 
fillers. Du et al. [99] reported that the electrical conductivity of CNT-containing polymer 
composites is affected by the filler concentration and the state of CNT orientation as well. 
Torres-Giner et al. [100] reported that the pc occurs at 3 wt% for polypropylene (PP)/CNT 
composites obtained by the conventional injection molding (CIM). However, Abbasi et al. 
[101] found that the pc is about 4 wt% for micro-injection molded PP/CNT composites. 
Thus, the slight discrepancy between these pc values could be attributed to the prevailing 
higher shear rates in µIM, which favors the orientation of CNT along the flow direction.  
1.2.4 Graphite and graphite derivatives 
Graphite, which can be considered as stacks of 2D graphene nanosheets with sp2 hybridized 
carbon atoms, has been extensively used as a cost-effective filler to enhance the thermal, 
electrical and mechanical properties of polymer composites [26,34,37,102]. The adjacent 
graphene nanosheets in graphite, bonded by Van der Waals forces, are separated from each 
other by 0.335 nm, thereby rendering the lubricating nature of graphite [37]. As a result, 
graphite has been adopted to improve the lubrication of metallic composites [103–105].  
As single layered graphene nanosheets are the building materials for graphite, it can thus 
be used to enhance the electrical and thermal conductivities as well as mechanical 
properties of polymers. However, a relatively high loading concentration (>30 wt%) of FG 
is required for the formation of a conductive network within the polymer matrix. Recently, 
Zhou et al. [34,47,102] reported that the in situ expansion of low temperature expandable 
graphite (LTEG) during melt blending is essential for the enhancement of the thermal and 
electrical conductivities of subsequent blends.  
Expandable graphite (EG) is a type of graphite intercalated compounds (GICs) which can 
be prepared by the intercalation of a variety of inserting agents under strong oxidation 
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conditions [106,107]. EG can be rapidly exfoliated, to some extent, hundreds of times over 
its initial volume when subjected to thermal shock, forming a worm‐like structure, as 
depicted in Figure 1.5. For example, Zheng and Wong [108] found that the pc for 
PMMA/EG (1 wt%) composites is much lower than that of PMMA/FG (3.5 wt%) and 
PMMA/CB (8 wt%) counterparts. The exfoliation of EG makes it easier to form 3D 
conductive pathways, which is crucial to the overall enhancement of electrical and thermal 
conductivities of subsequent composites [109]. An informative review on the mechanical 
and electrical properties of graphite loaded polymer composites was reported by Sengupta 
et al. [37]. 
 
Figure 1.5  A schematic showing the preparation of EG from natural flake graphite [108]. 
1.3 Processing of carbon filled polymer composites 
The incorporation of fillers into polymer matrices has been recognized as an efficient and 
versatile way to satisfy the increasing demands for high performance materials in the areas 
of automotive, electronics, aerospace, stimuli-responsive shape memory and other 
application [110,111]. The adopted fillers could either be organic or inorganic materials 
[112]. Basically, the selection of fillers is based on their ability to endow the polymer 
matrix with certain functional and/or mechanical performance. For example, carbon-based 
fillers are normally adopted to enhance the electrical, thermal conductivity and mechanical 
properties thanks to their lightweight, good dispersibility, and intrinsically high thermal 
and/or electrical conductivity [16,32,37,60,84,113]. Fibril-like structured fillers, such as 
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glass fiber (GF), carbon fiber (CF) and CNT, cellulose as well as wood fiber, have been 
introduced to enhance the mechanical performance of polymer matrices [16,84,114–116]. 
Thus, several processing techniques such as in situ polymerization in the presence of fillers, 
solution mixing, coating and melt blending have been developed to fabricate polymer 
composites. Herein, the applications and limitations for each method will be discussed in 
the following part. 
1.3.1 In situ polymerization 
Basically, the in situ polymerization method requires the functional fillers to be swollen or 
well dispersed within the liquid monomers. The polymerization process can be initiated 
either by the introduction of heat or radiation, or by the addition of suitable initiators under 
certain settings [110]. Afterwards, the polymerization reaction occurs in the presence of 
functional fillers. In this scenario, the fillers would undergo very good dispersion and 
therefore, the properties of polymer composites could be significantly enhanced at a 
relatively low filler concentration [117]. For example, Park et al. [118] reported that the 
electrical conductivity of polyimide (PI) composites became about ten orders of magnitude 
higher than that of unfilled matrix with the addition of only 0.1 vol% SWCNT. Similarly, 
Jiang et al. [119] reported that pc of PI/CNT is about 0.15 vol%, which is attributed to the 
uniform dispersion of conductive fillers when prepared by in situ polymerization. 
Coleman et al. [84] also pointed out that there is a possibility of incorporating high loading 
fractions of functional fillers and achieving improved miscibility with the polymer matrix 
by adopting in situ polymerization process. In addition, they proposed that this technique 
is particularly useful for the preparation of insoluble or thermally unstable polymers, which 
are difficult to obtain using solution mixing or melt mixing method.  
According to Sengupta et al. [37], the limitation of this technique is that it is difficult to 
operate at industrial scale to fabricate polymer composites since a large amount of electrical 
energy is required to disperse fillers during mixing. In addition, the technique requires 
highly purified monomers, initiators (if any) and added fillers to minimize the influence of 
impurities [120]. Furthermore, the in situ polymerization is often carried out under an inert 
atmosphere and the resultant products normally require post-treatments to remove eventual 
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traces of unreacted monomers. As a result, the in situ polymerization is mainly adopted at 
the laboratory scale [121–124].  
1.3.2 Solution mixing 
The solution mixing method involves the dispersion of fillers in either a solvent or a 
polymer solution with the help of external agitation or sonication. The viscosity of polymer 
solutions is kept low to allow possible uniform mixing of fillers with the polymer chains, 
which is crucial to the enhancement of mechanical [125] and other properties [126] of 
polymer composites. Afterwards, the mixture is precipitated by mixing with a non-solvent 
[127] or the adopted solvent is fully evaporated [128] to obtain filler-containing polymer 
composites.  
The prerequisite for the solution mixing method is that the polymer of interest should be 
soluble in the solvent which is essential to the achievement of uniform blending of fillers 
with polymer chains. However, the choice of solvents is always based on the solubility of 
polymers [84]. Moreover, the resultant products always require post-treatments to remove 
remaining traces of solvent [129]. In addition, it is not preferable to operate such process 
at large scales since the handling of large amounts of organic solvents poses potential or 
direct threat to human health and environment [37]. Furthermore, sonication is always 
introduced to achieve good dispersion of fillers in the solution, which could be detrimental 
to the structure of the nanofillers with high aspect ratios. For example, Li et al. [98] found 
that there is a significant length reduction of CNT after sonication treatment. 
1.3.3 Coating method 
Kalaitzidou et al. [130] proposed that the coating of polymer particles with nanofillers is 
an effective technique to fabricate polymer composites. In their study, the coating of PP 
powder with graphite nanoplatelets (GNP) in the presence of isopropyl alcohol (IPA) was 
conducted at room temperature. In simpler terms, GNP was initially dispersed in IPA with 
the help of sonication. Afterwards, PP powder was added to the above mixture under the 
sonication treatment. Finally, IPA was evaporated which led to the complete coverage of 
PP particles with GNP. The obtained composites could be subject to conventional molding 
practice, such as compression molding and injection molding. The advantage of this 
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process is that the introduction of sonication could break down the GNP agglomerates 
which is beneficial to achieve homogenous dispersion of GNP in the solution, and this is 
crucial to the efficient coating of polymer powders with GNP. Moreover, IPA could also 
be recovered by simply filtration process which is considered environmental friendly when 
compared with solution mixing. They also found that samples prepared by the coating and 
subsequent compression or injection molding processes exhibited superior mechanical and 
electrical properties in comparison with their melt blended and subsequently molded 
counterparts, which is ascribed to the fact that the plate-like structure of GNP could be well 
maintained. Furthermore, the dispersion quality of GNP in PP is improved by using the 
coating method.  
A similar coating approach has been adopted by researchers to fabricate graphene loaded 
polymer composites [131–133]. For example, Hu et al. [131] used a two-step approach to 
prepare graphene filled ultra-high molecular weight polyethylene (UHMWPE) composites. 
Firstly, UHMWPE powders were coated with graphene oxide (GO) under sonication in the 
presence of water/ethanol solution. Subsequently, the GO coated polymer powders were 
treated with hydrazine hydrate solutions to reduce GO to graphene. Then, samples were 
prepared by compression molding. They found that the pc could occur at about 0.028 vol% 
graphene, which is attributed to the excellent dispersion of fillers by adopting the coating 
method.   
1.3.4 Melt blending 
Melt blending is a versatile and viable method to prepare thermoplastic polymers and 
composites. The standard polymer pellets could be transformed to viscous melts when the 
set temperature is higher than that of the melting temperature (Tm) or Tg, depending on the 
types of polymer matrices employed. Meanwhile, the nanofillers could be dispersed within 
the polymer melts by shear mixing. This technique is widely adopted at the industrial scale 
due to its high production efficiency and ease of implementation. As a result, a variety of 
processing techniques have been developed, such as single- or twin-screw extrusion, batch 
mixing and two-roll milling, etc.  
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The dispersion of fillers in polymer matrices is influenced by the intrinsic properties of the 
fillers and the polymer matrices, the volume fraction of fillers, the adopted processing 
parameters and the molding techniques, etc. For example, Müller et al. [134] reported that 
the dispersibility of CNT in PP could be optimized based on the intrinsic properties of CNT 
and the feeding position in a twin-screw extruder. Their results indicated that the more 
compact CNT agglomerates (Baytubes® C150P) should be added into the hopper along 
with the polymer pellets whereas it is suggested that the more loosely packed nanotubes 
(Nanocyl™ NC7000) should be added through a side feeder to achieve a relatively uniform 
distribution.  
Pötschke et al. [135] studied the effect of mixing conditions on the electrical conductivity 
of PC/CNT composites by using a micro-compounder (DACA instruments, Santa Barbara, 
CA, USA). They found that increasing mixing time leads to an improved distribution of 
CNT in polycarbonate (PC). Although the distribution of CNT improves with increasing 
screw speed, the length reduction of CNT becomes more severe when the concentration is 
above pc, which is unfavorable for the enhancement of electrical conductivity. A similar 
finding was reported by Andrews et al. [136]. Simply put, better distribution and more 
severe CNT breakage happen simultaneously with an increase of mixing time and/or screw 
speed, which can be correlated with the mechanical energy input. As per Pötschke et al. 
[137], an adequate energy input is necessary to form conductive pathways within 
poly(caprolactone) (PCL)/CNT composites during melt compounding. For example, the 
samples showed the lowest electrical resistivity at the rotation speed, 75 rpm, which 
corresponds to a specific mechanical energy (SME), 0.47 kWh/kg, as shown in Figure 1.6. 
Alig et al. [138] reported that the formation of conductive network in CNT filled polymer 
melts could be affected by melt temperature, filler concentration, throughput, and the 
shearing and elongational force fields that are induced by the extruder. 
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Figure 1.6 The surface resistivity, CNT agglomeration area ratio, CNT length and storage 
modulus (melt rheology) as a function of SME [137]. 
Jollands and Gupta [139] reported that the effect of operating parameters, such as mixing 
time, speed and temperature on the dispersion of fillers in batch mixing could be optimized 
by using the design of experiments method. Similarly, Pujari et al. [140] found that either 
increasing the mixing time or mixing speed leads to an improved distribution of CNT in 
PP when processed in a batch mixer. However, this would possibly lead to degradation of 
polymer chains. Similarly, Baiardo et al. [141] reported that the cellulosic fiber breakage 
became more severe with an increase of mixing speed or prolonged mixing time. 
Tang et al. [39] reported that co-feeding the nanotubes with polymer pellets in a twin-screw 
extruder would be impractical because CNT tends to stick to the hopper walls, leading to 
an inaccurate CNT content in subsequent samples. Moreover, direct or indirect contact with 
CNT could potentially pose immediate or chronic health hazards to on-site workers and the 
environment [142,143]. Therefore, masterbatch dilution with pure polymers has been 
proposed as an effective approach to fabricate CNT-containing polymer composites. The 
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masterbatch dilution method could be scaled to industrial quantities because fluffy CNT is 
bound to the polymers which is much easier to handle [144]. The leading companies for 
supplying CNT-containing masterbatches include Nanocyl S.A. (Sambreville, Belgium) 
and Hyperion Catalysis International Inc. (Cambridge, MA, USA).  
Figure 1.7 displays the morphologies depicting of the distribution of CNT in extruded PS 
composites prepared via three different methods: masterbatch dilution (using masterbatch 
pellets from Hyperion Catalysis International), direct melt mixing of PS powders with CNT 
and direct melt mixing of PS pellets with CNT. All samples were prepared under the same 
conditions (i.e. 190oC, 50 rpm and 10 min) and the concentration of CNT in PS was 3 wt%. 
Results revealed that direct mixing of PS pellets with the masterbatch pellets (i.e. PS/CNT 
20 wt%) achieved the best filler distribution among these three different cases, regardless 
of the presence of small sized CNT agglomerates in corresponding extrudate. However, 
direct mixing of pristine CNT with pure polymer pellets led to the existence of large sized 
CNT agglomerates, which can be ascribed to the strong Van der Waals forces between 
individual CNTs. 
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Figure 1.7 Extrudates prepared by (a-c) masterbatch dilution; (d-f) direct mixing of PS 
powders with pristine CNT; (g-i) direct mixing of PS pellets with pristine CNT. The 
examined samples were fractured in liquid nitrogen. 
1.4 Properties of carbon filled polymer composites 
The electrical, mechanical and thermal properties of carbon filled polymer composites are 
affected by the intrinsic properties of fillers and the interfacial interactions between fillers 
and host polymers as well as the quality of dispersion of the fillers within the host polymers. 
In addition, the processing techniques and the implemented processing conditions greatly 
influence the quality of distribution of fillers by virtue of the thermomechanical history 
experienced by both the matrix and the fillers during the molding process. Ultimately, the 
above factors influence the properties and behavior of resultant moldings. Furthermore, 
particularly for the injection molding process, the design of mold inserts could significantly 
affect the properties of the moldings. The following sub-sections focus on the properties of 
different carbon filled polymer composites which were fabricated by injection molding. 
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1.4.1 Electrical conductivity 
There would be a significant increase of electrical conductivity when the conductive fillers 
attain an intact 3D structure within the host matrix, as shown in Figure 1.8. Therefore, the 
determination of electrical conductivity would, to a certain degree, reflect the dispersion of 
conductive particles within the polymer composites. As suggested above, the processing 
conditions, the choice of conductive fillers and the host polymer matrix as well as the 
geometry of mold design significantly influence the quality of filler distribution, thereby 
influencing the properties of resultant moldings [16,145–147]. For example, the electrical 
conductivity of compression molded samples is always higher than their injection molded 
counterparts [148]. Abbasi and co-workers [12,101] found that the pc for injection molded 
polymer/CNT samples shifted to higher filler concentrations when compared with their 
compression molded counterparts, which was attributed to the anisotropic distribution of 
CNT in injection molded products, thereby impairing the random formation of conductive 
pathways.  
 
Figure 1.8 Electrical conductivity of polymer composites as a function of conductive filler 
concentration [19]. 
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1.4.1.1 The influence of processing conditions 
It has been reported that the electrical conductivity of injection molded products is strongly 
dependent on the processing conditions, because the conductive particles will be subject to 
the combined influence of shearing and elongational flow fields determined by various 
combinations of processing parameters [149,151,152]. 
Mahmoodi and co-workers [145] reported that the variation of processing conditions has a 
marked influence on the electrical conductivity of injection molded CNT-containing 
composites. Their results revealed that high Tm and low injection velocity are beneficial to 
the formation of interconnected conductive pathways. Moreover, Mahmoodi et al. [151] 
reported that the electrical conductivity of compression molded PS/CNT composites is 
higher than that of their injection molded counterparts at identical filler concentration. Also, 
the anisotropic thermal conductivity of injection molded samples with respect to the melt 
flow direction suggests that there is a preferential alignment of CNT along flow direction, 
which is detrimental to the construction of random conductive pathways within subsequent 
moldings. Wegrzyn et al. [149] studied the effects of injection velocity and Tm on the 
electrical conductivity of PC/ABS-CNT composites by injection molding. They found that 
both the surface and volume resistivities are dependent on injection velocity, while the filler 
distribution is related to Tm. Similarly, Villmow et al. [88] reported that injection velocity 
plays a dominant role in determining the electrical conductivity of injection molded 
PC/CNT composites, whereas the holding pressure and mold temperature show a trivial 
influence.  
1.4.1.2 The influence of host matrix 
The electrical conductivity of CNT filled polymer composites varies greatly with respect 
to the types of fillers employed, the choice of host polymers, the variation of processing 
conditions and the surface modification of fillers [38]. For example, Clingerman et al. [152] 
found that the distribution of carbon-based fillers varied with the type of host matrix. Based 
on their experiments, the polyamide 66 (PA66)/CF composites showed a higher electrical 
conductivity when compared with that of the PC-based counterparts at identical filler 
concentrations. Socher et al. [153] reported that the quality of CNT distribution could be 
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affected by the viscosity of the polymers and the types of host polymer matrices. Simply 
put, the use of high viscosity polymers leads to better distribution and more severe length 
shortening of CNT. In addition, the CNT exhibits relatively unfavorable distribution in low 
density polyethylene (LDPE), when compared with polymer matrices with higher polarity 
such as polyamide 12 (PA12) and PC. Abbasi et al. [101] found that CNT exhibited better 
dispersion in PC than in PP. PC is a polar, amorphous polymer which has a strong affinity 
with CNT, thereby favoring the uniform dispersion of inorganic fillers. PP is a non-polar, 
semi-crystalline polymer which has poor interaction with CNT. Additionally, the presence 
of crystallites within PP would force CNTs to mainly disperse in the amorphous phase and 
result, to some extent, in the formation of CNT agglomerates in PP/CNT composites [101]. 
The idea of adopting immiscible polymer blends is often employed by researchers to obtain 
desired electrical and/or thermal conductivity at reduced filler loading concentrations. The 
selective localization of inclusion fillers in one continuous phase or at the interface of the 
polymer blends leads to a significant decrease of pc for immiscible blends. For example, 
Zhou et al. [26] reported that the electrical and thermal conductivities of FG loaded PA6/PC 
immiscible polymer blends showed better conductive properties when compared with those 
of mono-PA6 counterparts at identical filler concentration (> 30 wt%). The above indicates 
that the intrinsic properties of host polymers would determine the state of distribution of 
inorganic fillers, thereby affecting the properties of resultant moldings.  
1.4.1.3 The influence of filler type 
High thermal and electrical conductive fillers are typically added into insulating polymers 
to make them suitable for replacing metal parts in the areas that require excellent electrical 
and thermal dissipation properties. Traditionally, carbon-based fillers are considered to be 
the most promising candidates for their intrinsically high electrical and thermal 
conductivities, lightweight, and most importantly, wide availability [47]. Therefore, CB, 
CF, graphite and CNT are commonly employed as conductive particles to enhance the 
electrical and thermal conductivities of insulating polymers. However, the electrical 
conductivity of carbon filler loaded polymer composites demonstrate different incremental 
improvement in conductivity depending on the types of fillers used [152].  
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For example, Jing et al. [154] reported that the distance between adjacent spherical fillers 
decreases greatly with decreasing particle size, which means the smaller the particle size 
of conductive particles, the lower the pc for subsequent composites. In addition, fibril-like 
conductive fillers (especially those with high aspect ratios) are more efficient in enhancing 
the electrical conductivity of polymer composites [38]. Sohi and co-workers [155] reported 
that the pc and electrical conductivity of polymer composites depend on the characteristics 
of conductive fillers, such as: intrinsic electrical conductivity, filler geometry and size, 
filler aspect ratio and the state of filler dispersion in the host polymer matrix. They found 
that the efficiency for carbon fillers to construct a conductive network in ethylene-vinyl 
acetate (EVA) obeys an order of CNT > CF > CB. Moreover, the electrical conductivity of 
polymer composites increases with an increase of filler aspect ratio and surface area [155–
157]. Furthermore, the in situ expansion of EG is also crucial to the formation of conductive 
network, as reported by Luo et al. [102]. 
1.4.1.4 The influence of mold design 
The geometrical factor of mold insert would affect the microstructure in injection molded 
products by altering the thermomechanical history that is experienced by the polymer melts. 
For example, Mahmoodi et al. [145] reported that the gate design would have an impact on 
the electrical conductivity of subsequent moldings, as exhibited in Figure 1.9. They found 
that using an edge gate (Cavity #1) leads to lower electrical conductivity along the melt 
flow direction and higher electrical conductivity across the transverse direction of the 
molded plates when compared with those obtained from samples molded with the fan gate 
(Cavity #2). 
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Figure 1.9 Filling simulation of the mold cavities using Moldflow™ software showing all 
mold cavities can be filled simultaneously. All mold cavities have a trapezoidal runner. 
Cavity #1: an edge gate; Cavity #2: a fan gate; Cavity #3: an edge gate, but the position of 
the gate was located at the longer edge of the rectangular cavity. Adapted from [145]. 
Similarly, Arjmand et al. [158] reported that the degree of orientation of conductive fillers 
significantly alters the electrical conductivity and the pc of injection molded products. For 
example, the PC/CNT samples taken from different areas of the injection molded products 
were characterized by electrical conductivity measurements, as indicated in Figure 1.10. 
Results revealed that the pc of CNT filled PC composites follows an order of Area (3) > 
Area (2) > Area (1) > compression molded samples, which is correlated with the state of 
orientation of CNT in different locations of the injection molded samples. In addition, Du 
et al. [159] reported that the electrical conductivity of aligned PMMA/SWCNT samples 
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was nearly five orders of magnitude lower than that of less aligned counterparts at 2 wt% 
SWCNT. 
 
Figure 1.10 (a) The schematic of injection molded dog-bone samples. The three different 
areas studied in the specimens are indicated. (b) Experimental setup [158]. 
The shearing conditions within mold cavities could be altered significantly by varying the 
cavity thickness. For example, Enomoto et al. [160] reported that the electrical conductivity 
of PS/vapor-grown carbon fiber (PS/VGCF) composites increased with an increase of mold 
cavity thickness, which could be attributed to the difference between the degree of filler 
orientation within subsequent moldings. For example, the electrical conductivity of 
PS/VGCF 5.6 vol% composite with a sample thickness of 0.5 mm is 10-10 S/cm, whereas 
the corresponding value for a 2-mm thick counterpart is 10-4 S/cm, both prepared under the 
same set of molding conditions. Moreover, they [160] found that there is an interplay 
between the processing parameters and thickness of mold inserts. For example, a reduction 
of mold cavity thickness leads to a decrease of electrical conductivity of PS/VGCF 
samples, when a lower injection pressure was applied whereas such effect is insignificant 
in terms of the samples prepared under high injection pressure.     
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1.4.2 Thermal conductivity 
Like electrical conductivity, the thermal conductivity of carbon filler-containing polymer 
composites increases with increasing filler concentration and the state of filler dispersion 
[161]. Wu and Drzal [161] found that GNP-containing samples prepared by coating method 
demonstrated higher electrical and thermal conductivities when compared with those melt 
compounded counterparts, which was ascribed to the formation of the percolated network. 
In addition, thermal conductivity of polymer composites is dependent on the size of fillers. 
Specifically, the larger the particle size, the higher the enhancement of overall thermal 
conductivity, which was ascribed to the lower interfacial thermal resistance (i.e. Kapitza 
resistance) that arises from the phonon mismatch at the interface between the added fillers 
and polymer matrix [162]. For example, thermal conductivity of CNT-containing polymer 
composites increases with the incorporation of longer CNTs with larger tubular diameter 
[163]. Unlike electrical conductivity, however, the enhancement of thermal conductivity is 
not only sensitive to the formation of conductive pathways, but also relies on the packing 
density of functional fillers [26]. Consequently, a modest increase of thermal conductivity 
is typically observed with an increase of filler concentrations. 
Mahmoodi et al. [164] reported that injection molded PS/CNT composites demonstrated 
anisotropic thermal conductivity with respect to the melt flow direction. For example, the 
thermal conductivity measured along the flow direction is always higher than that obtained 
across the transverse direction, which is attributed to the preferred alignment of nanotubes 
along flow direction, arising from the influence of predominant shearing and elongational 
force fields along the melt flow direction. A similar trend was reported by Ha et al. [165] 
for injection molded liquid-crystal polymer (LCP)/graphite composites. They found that 
the in-plain thermal conductivity for samples with more aligned CNT is 0.402 W/mK 
which is nearly 20% higher than that obtained from less aligned counterparts when the 
CNT concentration is 5 wt% [164]. This suggests that the thermal conductivity of CNT 
filled polymer composites is affected significantly by the processing conditions in injection 
molding, which is related to the degree of orientation of nanotubes under specific molding 
conditions.  
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In general, a vast number of combinations of conductive fillers with thermoplastic 
polymers could be compounded and therefore applied for compression molding or injection 
molding process [166]. A comprehensive review regarding the use of carbonaceous fillers, 
particularly CNT, to produce polymer composites for the enhancement of thermal 
conductivity has been reported by Han and Fina [32]. 
1.4.3 Morphological properties 
Morphology development of carbon filled polymer composites could be related to the 
intrinsic properties of the carbon fillers, their interfacial interactions with the host matrix 
and the processing techniques involved. For example, Hofmann et al. [167] studied the 
evolution of microstructure in different types of carbon fillers loaded PA12 composites. 
All samples having the same carbon filler concentration, i.e. 10 wt%, were prepared by 
injection molding under identical processing conditions. As given in Figure 1.11, thermally 
reduced graphite oxide (TRGO) achieves a uniform distribution within PA12, whereas a 
fraction of filler agglomerates was detected in MLG 350 (i.e. multilayered graphene) filled 
counterparts. The improved distribution of MLG 350 was attributed to the presence of 
functional groups, which is favorable for dispersing fillers within the host matrix. However, 
the existence of micro-size carbon assemblies in EG 60 (i.e. expandable graphite) loaded 
samples was due to an insufficient exfoliation of EG. In addition, both the CNT and CB 
have a relatively uniform distribution within PA12, albeit the presence of a scattering of 
small size agglomerates.  
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Figure 1.11 SEM and TEM images of different types of carbon fillers (10 wt%) filled PA12 
composites. MLG 350 refers to multilayered graphene and EG 60 is a type of expandable 
graphite [167]. 
The shearing conditions during processing could affect the evolution of microstructure in 
injection molded samples. For example, the alignment of CNT in a polymer matrix could 
be altered by adjusting process parameters of injection molding by affecting the viscosity 
and the amount of shear stress exerted on the polymer melts [145]. As shown in Figure 
1.12, sample A which was prepared under more severe shearing conditions, showed more 
CNT orientation. Sample B which experienced less shearing and thus showed a lower 
degree of CNT orientation, whereas a random state of dispersion of CNT was observed in 
Sample C which was prepared by compression molding [164]. 
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Figure 1.12 TEM micrographs from (a) specimen A, prepared under conditions of low Tm 
and high injection pressure; (b) specimen B, prepared under conditions of high Tm and low 
injection pressure; (c) specimen C, compression molded sample which features randomly 
dispersed CNTs. The concentration of CNT is 3.5 wt%. Black arrows indicate the flow 
direction of injection molded samples [164]. 
1.4.4 Mechanical properties 
In addition to exceptional thermal and electrical conductivities of carbonaceous fillers, they 
possess excellent mechanical properties which have been widely employed as functional 
fillers to enhance the mechanical properties of polymer matrices. For example, 
polymer/carbon composites have been widely employed as structural materials in several 
industrial sectors, such as aerospace, sporting goods and automotive parts [85]. The typical 
properties of different types of carbonaceous fillers are tabulated in Table 1.1. 
Table 1.1 Typical mechanical properties of different carbon fillers, i.e. MWCNT, graphite, 
graphene and VGCF [16,37,71,168]. 
Property Unit MWCNT graphite graphene VGCF 
Density g/cm3 1.75~1.8 2.26 2.2 2.0 
Tensile strength GPa 10-60 130 130 2.92~3 
Tensile modulus TPa 0.3~1 1 1 0.24~0.5 
Stan et al. [169] reported that the mechanical properties, such as Young’s modulus, tensile 
strength and yield strength, of PP/CNT composites improved with an increase of injection 
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pressure, the weight fraction of nanotubes and strain rate whereas the yield strain and strain 
at break showed the opposite trend. Similarly, Bhuiyan et al. [170] reported that the tensile 
strength and Young’s modulus increased with an increase of CNT concentration, which 
suggests a reinforcement effect by incorporated nanotubes. 
Murariu et al. [171] reported that there is a simultaneous reduction of tensile strength and 
strain at break with a gradual incremental loading fraction of EG (see Figure 1.13), which 
was attributed to the aggregation of the added fillers and poor quality of dispersion of EG 
at high filler concentrations. However, Kanbur and Küçükyavus [148] found that the tensile 
strength and Young’s modulus increased with an increasing loading fraction of CB in PP. 
In addition, the mechanical properties of injection molded PP/CB samples is superior to 
those of compression molded counterparts. The preferential alignment of polymer chains 
and added fillers along the flow direction [148] and the improved distribution of CB [172] 
in the injection molded articles are possible contributing factors. 
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Figure 1.13  Evolution of (a) tensile strength, (b) Young's modulus and nominal strain at 
break for PLA composites with different contents of EG [171].   
Ha et al. [165] also reported that the tensile modulus increased with an incremental loading 
fraction of graphite in LCP, which further revealed the reinforcement effect of inorganic 
fillers. In addition, the impact strength for sections taken from injection molded samples, 
i.e. gate end and far end, was studied as a function of graphite content in LCP. As shown 
in Figure 1.14(a), sections taken from the gate end exhibited better impact resistance when 
compared with those taken from the far end of the injection molded LCP/graphite samples. 
The favored alignment of graphite near the gate end is thought to be the contributing factor, 
as revealed by SEM observations in Figures 1.14(b) and (c) [165]. In addition, the 
coefficient of thermal expansion decreased with increasing filler content. 
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Figure 1.14 (a) The tensile modulus and impact strength of LCP/graphite composites, and 
(b) the morphology observations between sections taken from the far end and gate end of 
injection molded samples. Adapted from [165]. 
Furthermore, Karsli and Aytac [173] reported that the addition of compatibilizers or surface 
modification of incorporated fillers leads to better adhesion between fillers and the host 
polymer matrix, thereby resulting in a significant enhancement of mechanical properties of 
filler-containing polymer composites.  
1.4.5 Crystallization properties 
The presence of inorganic fillers would significantly accelerate the crystallization process 
of polymer chains by serving as a nucleating agent [174]. As given in Figure 1.15, Kazemi 
and co-workers [175] reported that the onset crystallization temperature (Tonset) and the 
peak crystallization temperature (Tc) significantly increased with the addition of CNT up 
to 5 wt%. For example, the Tc increased about 10
oC with the addition of 0.7 wt% CNT. In 
addition, both the Tonset and Tc increased gradually with an incremental loading fraction of 
CNT, indicating that the crystallization of macromolecular chains is related to the number 
of crystallization sites introduced by the added fillers. Also, they found that the crystallinity 
(χc) for PP increased when the loading concentration of CNT is at a low level (≤ 1 wt%), 
whereas the χc decreased with further increasing filler concentrations, which suggests that 
CNT plays two competing roles in the crystallization of PP [174,175]. In addition, Stan et 
al. [169] found that the χc of nanotubes filled PP decreased slightly with an increase of filler 
concentration, which was attributed to the formation of an interconnecting network within 
PP, thereby slowing down the crystal growth. However, the χc of injection molded samples 
increased slightly with CNT content [169], suggesting that the thermomechanical history 
experienced by polymer melts plays a significant role in determining the microstructure of 
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resultant moldings. A thorough review on the effects of low dimensional carbon nanofillers 
(in particular, CNT and graphene) on polymer crystallization was reported by Xu et al. 
[174]. 
 
Figure 1.15 Cooling DSC thermograms of pure PP and PP/CNT composites [175]. 
1.4.6 Thermal stability 
The thermal stability of thermoplastics and subsequent filler-containing composites could 
be traced by thermogravimetric analysis (TGA). Representative thermal analysis data such 
as decomposition temperature (Td), the maximum decomposition temperature (Tmax) and 
the char yield can be derived from the TGA thermographs. The Td is often taken at the 
temperature with 5% weight loss whereas Tmax is the peak value of first-order derivative of 
recorded weight loss thermographs [34].  
The thermal stability of polymers could be affected by processing conditions, the testing 
environment and the molecular weight of polymers as well as the additives that are 
incorporated in host matrices such as thermal stabilizers or compatibilizers and functional 
fillers. For example, a chain scission effect might occur when the polymer melts are 
processed under high shearing conditions, thereby lowering the thermal stability of 
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resultant polymers [176,177]. Also, the testing conditions, (i.e. the inert or air atmosphere 
[178], the heating rate [179], etc,) may play a role in determining the thermal stability. In 
addition, Adam et al. [180] found that the degradation of PC is greatly affected by the 
molecular weight. The degradation of PC chains becomes more severe with the use of PC 
which has lower macromolecular weight. Jang and Wilkie [181] found that the presence of 
phosphate enhanced the thermal stability whereas the thermal stability of carbon filled 
polymer composites could be affected by the intrinsic properties of carbon fillers [182–
185]. Jakab and Omastová [185] found that CB with higher volatile content can initiate the 
decomposition of PP chains whereas CB with lower volatile content enhances the thermal 
stability. Kashiwagi et al. [186] pointed out that the flammability of PMMA/CNT 
composites could be effectively suppressed by the formation of a jammed filler structure.  
1.5 Microinjection molding 
To address the ever-increasing need for microparts, several micro-processing technologies, 
such as microinjection molding (µIM), hot embossing, injection-compression molding and 
thermoforming have been developed [2]. Among these techniques, the hot embossing and 
µIM methods have been proposed as the most industrially viable processes to fabricate 
microparts [187]. Basically, the hot embossing method involves several steps: (1) a mold 
(tool) which bears microstructure features is pre-heated; (2) the pre-heated mold is brought 
into contact with a semi-finished polymer part; (3) the whole tool and part are cooled down 
and the part is removed from the mold [187]. However, hot embossing is mostly adopted 
at laboratory scale due to the long cycle times involved [2]. Since hot embossing is 
characteristic of low melt flow velocity, low pressure and low cooling rate, it is thus 
appropriate for fabricating complex or high aspect ratio (>2) objects [187]. As a result, it 
is ideal for producing precise components that can be used in optical application where the 
molded components require high precision and quality [188]. Thus, μIM can be scaled to 
large quantities due to its high production efficiency and accurate dimensional control.  
1.5.1 Development of microinjection molding technology 
The µIM process was developed in the late 1980s and was accommodated with modified 
conventional injection molding (CIM) machines [189]. However, the production of 
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microparts using these adapted machines led to significant waste of polymer melts (over 
90%) and long cycle times [190]. In addition, material degradation during different 
processing stages (see Figure 1.17) and inaccurate control of metering size severely limited 
precise replication of microparts [187]. Thereafter, research attention was paid to the 
invention of special µIM machines which could minimize material waste, limit possible 
degradation of polymer melts and above all, fulfill the molding of precision microparts.  
To this end, a smaller barrel and screw diameter (less than 20 mm) is typically adopted 
since only a small fraction of polymer melts is sufficient for the fabrication of microparts 
[187]. For example, the diameter of injection plunger for Battenfeld Microsystem 50 is 5 
mm. As a result, the metering size of polymer melts increases about 23 mg of PMMA when 
the injection plunger moves forward 1 mm, which is less than the weight of a standard 
PMMA pellet (~28 mg) [191]. A vivid example is displayed in Figure 1.16. The gear wheel 
weighs 0.008 g, i.e. 8 mg [192].  
 
Figure 1.16 SEM image of a POM microgear [192]. 
The plunger injection system, which adopts separate screw melting, metering and injection 
units has been widely implemented by machine manufacturers, such as the Battenfeld, Boy 
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Machines and so forth. Based on literature [1], some commercially available µIM machines 
and their characteristics are tabulated in Table 1.2. 
Table 1.2 Some commercially available µIM machines and their characteristics [1]. 
Manufacturer Model 
Clamping 
force (kN) 
Injection 
capacity 
(cm3) 
Injection 
pressure 
(bar) 
S or P 
diameter(a) 
(mm) 
Injection 
speed 
(mm/s) 
APM SM-5EJ 50 1.2 3000 S14 800 
Arburg 220 S 150 15 2500 S15/S8 112 
Babyplast 
Babyplast 
6/10P 
62.5 4 265 P10 - 
Boy XS 100 4.5 3130 S12 - 
Desma FormicaPlast 10 0.15 3000 P6/P3 500 
Fanuc 
Roboshot 
S2000-I 5A 
50 6 2000 S14 300 
Lawton 
Sesame 
Nanomolder 
13.6 0.082 3500 P10 1200 
Nissei AU3E 30 1.4 2500 S14/P8 300 
Rondol High Force 5 50 4.5 1600 S20 - 
Sodick LP10EH2 100 2 1970 S14/P8 1500 
Sumitomo 
(SHI) Demag 
SE18DUZ 170 6.2 2230 S14 500 
Toshiba EC5-A 48 5.6 2000 S14 150 
Wittmann-
Battenfeld  
Micropower 5 50 1.2 3000 S14/P5 750 
Note: (a) A/B = Plasticization unit/injection unit; S denotes screw and P refers to piston. 
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1.5.2 General characteristics of the microinjection molding process 
µIM is becoming a key technology to fabricate microparts thanks to its short cycle times, 
full-automation ability and relatively accurate dimensional control, which can be scaled at 
large quantities [1]. Like CIM, µIM adopts similiar processing stages (Figure 1.17) which 
include: plasticization of polymer pellets, metering of polymer melts, injecting of polymer 
melts into mold cavities, packing, cooling, and finally demolding [1]. However, µIM is not 
simply a scaled down version of CIM because it involves higher injection velocities and 
higher molding temperatures and pressures. These are normally adopted to avoid potential 
short shots during the mold filling process since microparts exhibit very high surface area 
to volume ratios (up to 103-106/m) [193], which pose certain challenges for a typical 
molding process. Consequently, very high shear rates and large thermal gradients are 
common characteristics of µIM. For example, Jiang et al. [13] pointed out that shear rates 
as high as 106/s are not rare in µIM, which are at least two orders of magnitude higher than 
those typically encountered in CIM.  
 
Figure 1.17 Different stages of µIM process: (a) plasticization of polymer pellets, (b) mold 
closing, (c) injection, packing and cooling, and (d) demolding and re-plasticization [1]. 
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In addition, the cooling effect becomes accentuated in µIM. According to Pan et al. [194], 
the cooling time for the average temperature of polymer melts to approach the mold 
temperature during solidification stage is reduced significantly with deceasing thickness of 
microparts. For example, the cooling time for CIM macroparts (thickness: 1.5 mm) is 
nearly 60 times longer than that of µIM counterparts (thickness: 0.2 mm), under a defined 
set of molding conditions. As a result, the thermomechanical history differs greatly 
between CIM and µIM, which affects the development of microstructure in subsequent 
moldings. Ding et al. [195] found that there is an in situ nano-fibrillization effect of 
dispersed PCL phase in the PLA/PCL blend microparts, which was induced by prevailing 
high shearing and fast cooling effects in µIM, whereas only micro fibrils were detected in 
CIM macroparts. 
1.5.3 Special considerations in the microinjection molding process 
For the past few decades, great progress has been witnessed with respect to μIM of unfilled 
and/or filler-containing thermoplastic polymers. Rapid cooling of polymer melts would be 
anticipated since very high surface area to volume ratio is the common feature for samples 
with micro/nano-scale features, such as microneedles, microgears and microfluidic chips 
[193]. Thus, the mold temperature is always set to a temperature close to or higher than the 
Tg or softening temperature of the polymer melts to prevent early freezing during the mold 
filling process. For example, the strategy is commonly considered in an attempt to fabricate 
components with a wall thickness less than 20 μm and/or a flow length-to-wall thickness 
higher than 10:1 [196]. However, safe removal of microparts requires sufficient stiffness 
and hardness [196].  
To facilitate melt filling and accurate replication of high aspect ratio features, a system 
called “variotherm system” which allows a hot mold during the injection stage and a cold 
mold during the cooling stage was adopted [197]. However, the long cycle times (four to 
five minutes) of a variotherm system [196] reduce the production efficiency of μIM. For 
example, Xie and Ziegmann [198] found that it took about 200 and 288 s during the mold 
heating and cooling processes by switching the mold temperatures between 40 and 180oC. 
Although the variotherm system was developed several decades ago and it demonstrates 
advantages with increasing flow length, improving the replication of minute features, there 
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are still some challenges which significantly restrict its wide application in industry [197]. 
A detailed discussion of the variotherm system and its potential application in μIM was 
reported by Su et al. [197]. 
The intrinsic properties of thermoplastic polymers affect the quality of microparts. Gornik 
[199] found that PC tends to solidify faster than PS during the mold filling process, which 
might be attributed to the different intrinsic properties of polymer melts, such as the melt 
viscosity and thermal conductivity. Consequently, higher mold temperature and injection 
pressure are needed to aid the rapid filling of the mold.  
To better duplicate the micro-features, a thorough investigation of the influence of molding 
parameters would be of great importance. Therefore, the design of experiments method has 
been adopted by researchers to understand the influence of machine variables (i.e. process 
parameters) such as melt temperature, mold temperature, injection velocity, holding time, 
holding pressure, and backpressure, etc. For example, Zhang et al. [8] reported that the 
quality of microfeature replication could be significantly affected by the flow direction and 
molding process parameters. In addition, Chu et al. [7] reported that the injection velocity 
showed the highest influence during the mold filling process, and the effects of melting 
temperature and mold temperature varied with respect to molding materials and machine 
settings.  
1.6 Simulation of the microinjection molding process 
Numerical simulation has been adopted to predict the mold filling behavior and shear rate 
distribution in μIM process. However, the size-dependent viscosity of polymer melts (i.e. 
the viscosity of polymer melts decreases with a reduction of the micro-channel size [200]), 
wall slip effect and surface tension (especially when the channel size is less than 1 μm 
[201]), as well as heat transfer between the mold surface and polymer melts could have a 
significant effect on the melt behavior due to extremely high shear rates and high molding 
temperatures [1,201–203]. Thus, Chien et al. [202] proposed that prevalent simulation 
software packages, which are typically developed for CIM, cannot be precisely transferred 
to simulate or predict the mold filling process without considering the above-mentioned 
factors. However, obtaining rheological properties of polymer melts under the conditions 
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of μIM is presently infeasible due to the lack of suitable equipment for the very high 
shearing and cooling effects involved [202]. As a result, current simulation software 
packages are still adapted for μIM process. For example, Moldflow (Autodesk) [189,204], 
C-MOLD (AC Technology) [205], Moldex3D (CoreTech System Co., Ltd) [206,207] and 
finite element analysis [6,208–210] have been employed to assess the mold filling behavior 
during the μIM process.  
Zhang et al. [211] adopted Moldflow software to simulate the mold filling process of a 
dumbbell micropart. They found that there is an increase of shear rate around the edge with 
decreasing thickness of the gate, which leads to an increase of local temperature arising 
from shear heating. Kamal et al. [212] systematically studied the morphology development 
of POM microparts along the melt flow direction. They reported that the spherulitic core 
becomes thicker and the skin layer thickness becomes thinner which was quantitatively 
supported by simulated temperature distribution along the flowing path (using Moldflow). 
Su et al. [206] validated the accuracy of simulation of thin-wall micromolding by adopting 
Moldex3D software. Acceptable agreement was obtained between simulated and measured 
processing data. However, the actual flow rate was faster than that predicted by simulation 
which was attributed to the wall slip effect due to the high shear rate involved. They also 
found that the actaul flow rate of polymer melts and the heat transfer coefficients during 
the mold filling process had an influence on the simulation results. As a result, these factors 
need to be determined and considered for accurate prediction of µIM. Moreover, El-Otmani 
et al. [209] simulated the melt filling behavior of a microgear by using the finite element 
simulation method. A good agreement between the simulation results and experimental 
results was found regarding the presence of non-symmetrical distribution of flow front.  
1.7 Characterization of microinjection molded products 
Normally, the microparts are very tiny in size or very small in weight. Therefore, classical 
mechanical and dynamic-mechanical analysis cannot be directly applied to determine the 
properties of microparts. For example, proper clamping of the microparts for mechanical 
testing is a challenge due to the size constraints or possible slippage [187]. To attempt to 
address potential slippage of the microparts and ensure sample alignment for mechanical 
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testing, customized sample holders have to be invented [211]. Alternatively, new micro-
tensile testing devices, which are specifically designed to accommodate microparts could 
be employed to evaluate the mechanical properties [213]. In addition, the nanoindentation 
measurements have been employed to evaluate the mechanical properties such as modulus 
of elasticity and hardness of microparts [192].  
Morphology observation is a straightforward technique, which could provide sufficient 
details about the micro- and/or nano-structure of microparts. Therefore, scanning electron 
microscopy (SEM), optical microscopy (OM) and transmission electron microscopy 
(TEM) are common techniques which can be used to elucidate the structure of microparts. 
For example, Ding and co-workers [195] reported that the PLA/PCL microparts showed 
better mechanical properties such as the tensile strength, Young's modulus and strain at 
break when compared with their CIM counterparts. This is attributed to the presence of 
dispersed PCL nanofibrils and their preferred orientation in PLA, as revealed by SEM. A 
summary of testing techniques, which mainly focuses on the measurement of mechanical 
properties, is available [213]. 
Thermal properties such as the melting and crystallization behavior can be traced by 
differential scanning calorimetry (DSC), whereas the thermal stability of microparts can 
be evaluated by TGA. These techniques are applicable to the characterization of microparts 
since only a small portion (several mg) of materials is sufficient for thermal measurements. 
To the best of our knowledge, the determination of thermal conductivity for micromoldings 
is currently infeasible due to a lack of suitable commercial testing equipment. However, 
the miniature size of microparts would become a limiting factor for detecting the thermal 
conductivity by adopting conventional measurement techniques, such as hot-disk method 
[97,214–218], laser flash method [219–223] and transient hot-wire technique [224–227]. 
Thus, suitable techniques need to be invented or developed for accurate determination of 
the thermal conductivity of microparts. 
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1.8 Microinjection molding of carbon filled polymer 
composites 
1.8.1 Electrical conductivity 
Normally, most polymers are thermally and electrically insulating materials, which hinder 
their potential application in the areas that require certain conductive properties, such as 
EMI shielding, ESD protection and thermal dissipation [16,32]. Insulating polymers will 
become conductive when the incorporated conductive fillers attain a 3D network structure 
within the host polymer matrices. The electrical conductivity of polymer composites is 
determined by the intrinsic properties of conductive fillers, the geometric factors of the 
conductive fillers (i.e. size, shape and aspect ratio), filler dispersion and their interfacial 
interactions with the polymer matrix [155,156,228] as well as processing methods [101].  
1.8.1.1 The effect of carbon filler type 
Hofmann et al. [167] reported that the electrical conductivity of insulating polymers can 
be greatly enhanced with the addition of carbon-based fillers and the trend of electrical 
conductivity enhancement varies with the types of carbon fillers employed. For example, 
functionalized graphene loaded polymer composites showed lower pc and slightly higher 
electrical conductivity when compared with that of CNT-, CB- or EG-filled counterparts. 
In a recent study, Santos et al. [229] pointed out that samples containing large size GNP 
particles demonstrated higher electrical conductivity. 
1.8.1.2 The effect of polymer matrix 
Abbasi et al. [101] studied the electrical conductivity of CNT filled PP and PC composites 
in µIM, respectively. The electrical conductivity of PP/CNT microparts is approximately 
one order of magnitude higher than that of PC/CNT counterparts, which is attributed to the 
fact that PP is a semi-crystalline polymer and the formation of PP crystals would expel the 
dispersion of CNT in the amorphous region. The existence of CNT-rich amorphous phase 
is beneficial to the enhancement of electrical conductivity as per the concept of double pc 
phenomenon [101].  
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1.8.1.3 The effect of surface modification of conductive fillers 
Ferreira et al. [95] investigated the state of dispersion of pristine and functionalized CNT 
(i.e. p-CNT and f-CNT) in PA6. The CNTs were functionalized based on the 1,3-dipolar 
cycloaddition reaction of azomethine yields using N-benzyloxycarbonyl glycine and 
formaldehyde, as reported by Paiva and co-workers [230]. Their results revealed improved 
dispersion of f-CNT in subsequent microparts when compared with that of p-CNT filled 
counterparts. However, PA6/p-CNT samples showed higher electrical conductivity when 
compared with samples containing f-CNT. The phenomenon was attributed to the 
development of a PA6/f-CNT interphase, which acts as an insulating barrier, thereby 
impeding the enhancement of electrical conductivity. The result is consitent with the 
findings reported by Bose et al. [231]. For example, Bose et al. reported that the pc for f-
CNT filled PA6/ABS blends is about 3-4 wt%, which is slightly higher than that of 
unmodified CNT loaded counterparts (~1-2 wt%).  
1.8.1.4 The effect of molding conditions 
The processing conditions, such as molding temperatures, injection velocity and molding 
pressures, are of significant importance in determining microstructure in injection molding 
[38]. Kamal et al. [212] found that a five-layer skin core structure could be formed in POM 
microparts (see Figure 1.18), in comparison with commonly reported three-layer structure 
in CIM macroparts. They also found that the injection velocity shows the highest impact 
on the development of microstructure, followed by mold temperature. The variation of 
skin-core structure would greatly influence the properties of microparts. Zhang et al. [193] 
reported that the modulus and hardness of the skin layer are higher than the core layer. In 
addition, the Young’s modulus and strain at break as well as yield stress increase with an 
increase of skin ratio [193]. The development of microstructure was correlated with the 
variation of process parameters, such as mold temperature, injection velocity and holding 
pressure [193]. Zhao et al. [232] reported that the metering size and holding pressure/time 
as well as their interaction could significantly affect the quality of microparts. Song and 
co-workers [233] found that the filling capability would be greatly reduced with a reduction 
of part thickness in ultra-thin wall injection molding process. Sha et al. [234] reported that 
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increasing the melting temperature (Tm), mold temperature and injection velocity would 
generally improve the replication qualities of molded micro-features.  
In addition, Jiang et al. [13] reported that increasing injection velocity would enhance the 
electrical conductivity of POM/CNT microparts whereas an adverse effect was found by 
Fei et al. [235], which supports that host polymer selection would affect the construction 
of conductive pathways within the microparts. The above indicates that the chosen molding 
parameters would significantly influence the development of conductive pathways within 
the microparts, thereby affecting the properties of subsequent moldings. 
 
Figure 1.18  Five morphological zones in a POM micropart, observed across the transverse 
direction. Adapted from [212]. 
1.8.2 Morphological properties 
It has been mentioned in Section 1.5 that μIM involves extreme shearing conditions and 
large thermal gradients which could significantly determine the microstructure, especially 
for filler-containing counterparts. For example, Jiang et al. [13] found that the distribution 
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of CNT showed a hierarchical structure across the transverse direction of CNT filled POM 
microparts, as shown in Figure 1.19. There is a strong orientation of CNT in the shear layer 
of microparts whereas the degree of filler orientation becomes less in the core layer, which 
could be attributed to the difference of shearing effect between the shear layer and the core 
layer of microparts. However, such phenomenon is not obvious in CIM macroparts since 
skin layer occupies a negligible fraction of total thickness. In addition, large size spherulite 
structures are observed in CIM macroparts, whereas highly oriented shish-kebab structures 
are present along the flow direction (Figure 1.20), which is due to the marked difference 
of shearing effect between different molding processes, i.e. CIM and μIM [12,13].  
 
Figure 1.19 SEM images of cryo-fractured surface of (a) a CIM macropart and (b-c) a 
micropart. For example, (b) shows the shear layer of a micropart; (c) shows the core layer 
of a micropart; (d) shows the preparation of fractured surface along the ND-FD plane in 
liquid nitrogen. FD: flow direction, TD: transverse direction, ND: normal direction [13]. 
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Figure 1.20 SEM images of the etched fractured surface of (a) macropart, and (b) micropart 
of a POM/CNT 5 wt% nanocomposite in flow direction [13]. 
Ferreira et al. [95] reported that an improved distribution of CNT in PA6 was achieved by 
using chemically modified CNT, which was ascribed to the better interfacial interactions 
between functionalized fillers and the host matrix. Furthermore, samples prepared by μIM 
showed improved filler distribution, which suggests that the very high shearing conditions 
would facilitate the dispersion of nanotubes [236]. 
1.8.3 Mechanical properties 
The addition of carbon fillers would greatly affect the mechanical properties of subsequent 
moldings. For example, Heinrich et al. [237] systematically investigated the influence of 
Tm and injection velocity on the mechanical properties of PP/CNT microparts. Their results 
showed that both the Young's modulus and yield stress of PP/CNT microparts decreased 
with an increase of Tm from 240 to 300
oC. However, injection velocity showed a similar 
but less profound impact on the mechanical properties of the microparts. Wang et al. [238] 
reported that the mechanical properties, such as yield stress, Young’s modulus and storage 
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modulus, of PCL/reduced graphene oxide (PCL/RGO) microparts was enhanced with an 
increase of filler concentration up to 1 wt%. The substantial increase of mechanical 
properties was attributed to the intrinsically high mechanical strength of RGO and the 
enhanced crystallization and orientation of PCL/RGO composites. However, Zhong and 
Isayev [239] found that the tensile strength gradually decreased with increasing fraction of 
graphite in polyetherimide (PEI), which could be correlated with the existence of graphite 
agglomerates, as corroborated by OM observations. Hofmann and co-workers [167] found 
that the Young’s modulus of PA12 was significantly enhanced with the addition of TRGO, 
in comparison with CNT or CB loaded counterparts, which was ascribed to the improved 
dispersion of functionalized graphene within the host matrix. 
Abbasi et al. [101] studied the effect of filler concentration on the mechanical properties 
of PC/CNT and PP/CNT composites in µIM. Their results indicated that the strain at break 
decreases significantly with the addition of CNT, which is attributed to the existence of 
CNT agglomerates in subsequent moldings. The CNT content showed modest impact on 
the tensile strength, which was attributed to the poor interfacial interactions between CNT 
and the host polymer matrix.  
Aside from the influence of molecular structure of polymer matrix and characteristics of 
fillers, the properties of injection molded microparts are strongly dependent on the 
evolution of microstructure. For example, Liou and Young [240] found that the filling 
efficiency of reinforcements in the microfeatures is greatly affected by the size of added 
particles and microfeatures as well as filler content. Thus, the variation of filling behavior 
with respect to filler size has a significant impact on the local mechanical properties of 
microfeatures. 
1.8.4 Crystallization properties 
The crystallization behavior for polymer composites and subsequent moldings could be 
traced by DSC. For example, Jiang et al. [13] reported that there are two melting peaks for 
POM/CNT microparts in comparison with that of CIM counterparts, which was attributed 
to the presence of various crystal morphologies of POM. For example, only spherulite 
structure is present in CIM macroparts whereas a typical shish-kebab structure is observed 
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in microinjection molded counterparts, as depicted in Figure 1.20. The presence of highly 
aligned shish-kebab structure was ascribed to the prevailing high shear rate existing in the 
shear layer of the microparts. They also found that the peak intensity of secondary shoulder 
peak increases with CNT concentration, which suggests that the formation of shish-kebab 
structure was related to the number of aligned CNT structures along the melt flow direction. 
In addition, either increasing the injection velocity or mold temperature is beneficial to the 
formation of shish-kebab structure, which is related to the enhancement of flow induced 
crystallization of polymer chains [13]. 
1.9 Original contribution of the work 
There has been increasing research interest from both the academic and industrial spheres 
with respect to the micromolding of functional components which is always accommodated 
by molding multi-functional fillers loaded polymer composites. Carbon-based fillers, such 
as CNT, CB, graphene and graphite, etc., have been widely adopted as functional fillers to 
enhance the electrical and thermal conductivities as well as the mechanical properties of 
thermoplastic polymers thanks to their lightweight, exceptional electron transport behavior 
and good dispersibility within the host polymers.  
Presently, microinjection molding (μIM) of CNT loaded polymer composites is receiving 
attention due to its capability to effectively enhance the overall electrical and thermal 
conductivities as well as mechanical properties. To the best of our knowledge, there is no 
comprehensive study with respect to the influence of process parameters, the types of 
polymer matrices and carbon fillers, the utilization of immiscible polymer blends and 
hybrid filler loading on the electrical and morphological properties of carbon filled 
microparts. To attempt to address this knowledge gap, a rectangular mold insert which has 
three consecutive zones with decreasing cavity thickness along the melt flow direction was 
employed in this study. The adoption of the three-step mold insert allows us to evaluate the 
properties of samples which have undergone different thermomechanical histories. Thus, 
the research was carried out as follows: 
➢ In this study, the influence of machine variables (i.e. process parameters) such as 
melt temperature, mold temperature, backpressure and injection velocity on the 
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electrical conductivity of PP/CNT 10 wt% microparts was systematically studied 
by adopting the design of experiments (DOE) method. 
➢ Different types of polymer matrices which have different intrinsic properties such 
as polarity and crystallinity were adopted as host polymer matrices for CNT. The 
selected polymer matrices are PP, PS, PA6 and PC, respectively. A comparison of 
the electrical conductivity and microstructure for CNT filled polymers was studied. 
➢ The efficacy of adopting immiscible polymer blends (PLA/PBSA) on the properties 
of CNT filled blend composites was studied. In addition, the blending sequence for 
different components of immiscible blend composites (i.e. PLA, PBSA and CNT) 
was investigated. 
➢ Different types of carbon fillers such as CNT, CB, GNP, and graphite were adopted 
as conductive fillers in PP. The influence of filler type on the electrical conductivity 
and morphological properties of corresponding microparts was studied. 
➢ The effect of hybrid filler loadings (i.e. CNT and CB) on the electrical conductivity 
and morphological properties of PS microparts was studied. In addition, the effect 
of annealing on the electrical conductivity of microparts was studied in detail. 
➢ A mold insert which has a uniform thickness (0.85 mm) along the flow direction as 
that of the thick section of the three-stepped mold insert was adopted to fabricate 
PP/CNT microparts under the same processing conditions. The properties of plaque 
microparts were compared with those of three-step counterparts. 
1.10 Organization of the thesis 
The research methodology will appear in Chapter 2. Chapter 3 gives a breakdown of main 
findings of the present research. Chapter 4 elaborates the experimental part which provides 
detailed information for sample preparation and subsequent characterizations. The main 
achievements of the present research will be exhibited in Chapter 5. The conclusions are 
placed in Chapter 6, followed by the recommendations for future research in Chapter 7. 
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Chapter 2  
2 Research methodology 
As mentioned in Chapter 1 Section 1.3, melt blending is commonly adopted to fabricate 
filler-containing polymer composites because it is environmental friendly (solvent free) 
and compatible with current industrial practice when compared with in situ polymerization 
and solution mixing. Thus, the melt blending method was employed in the present study to 
fabricate carbon filled polymer composites which were subjected to compression molding 
and microinjection molding processes. In this chapter, a brief description of the adopted 
research methodologies is given below. 
2.1 Preparation of carbon filled composites  
Two different processing strategies were adopted to prepare different carbon filled polymer 
composites and subsequent moldings. The preparation procedure is illustrated below. 
➢ Masterbatch dilution approach 
 
Figure 2.1 Preparation (masterbatch dilution) of carbon filled polymer composites and 
subsequent moldings. 
The processing conditions are subject to the types of polymer matrices employed. 
Therefore, detailed processing conditions will be provided in Chapter 4. Three main steps 
are involved during the sample preparation. Briefly stated, the first step is the melt dilution 
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of a commercially available masterbatch. All experiments were performed by employing a 
laboratory scale twin-screw mixer or a batch mixer, under a defined set of processing 
conditions. Afterwards, the obtained composites were either pelletized or pulverized to 
obtain suitable size particles for subsequent μIM or compression molding. The original 
polymer in the masterbatch will not significantly affect the properties of prepared polymer 
composites because only a small quantity of masterbatch is required [12]. 
➢ Direct melt mixing approach 
 
Figure 2.2 Preparation (direct mixing) of carbon filled polymer composites and subsequent 
moldings. 
Similarly, the processing conditions are subject to the types of polymer matrices employed. 
The detailed processing conditions for each system will be provided in Chapter 4. Three 
main steps are involved during sample preparation. Briefly stated, the first step is melt 
mixing of polymer pellets with different types of carbon fillers. All experiments were 
performed by adopting a laboratory scale twin-screw mixer or a batch mixer, under a 
defined set of processing conditions. Then, the resultant composites were either pelletized 
or pulverized to make suitable size particles for subsequent μIM or compression molding. 
2.2 Design of experiments 
The design of experiments (DOE) method was employed to elucidate the effects of process 
parameters on the electrical and dimensional properties of PP/CNT 10 wt% composite. The 
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selected process parameters were melt temperature, mold temperature, backpressure and 
injection velocity, which are the key machine variables for the injection molding process 
[7,88,147,149]. The levels of molding conditions and applied experimental design will be 
tabulated in Section 4.4. The obtained results will be analyzed using a statistical software, 
Minitab 17 (USA). 
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Chapter 3  
3 Thesis structure 
The achievements of the present research will be displayed in Chapter 5, which contains 
five sub-sections. Each sub-section of Chapter 5 includes the main findings (i.e. results and 
discussion) which either were published or will be submitted to a scientific journal. The 
organization of Chapter 5 and the rest parts of the thesis are presented below. 
➢ Chapter 5  
• Section 5.1 discusses the influence of process parameters such as melt temperature, 
mold temperature, backpressure and injection velocity on the properties of PP/CNT 
10 wt% composites in μIM, by using the design of experiments method. In addition, 
the microstructure development and crystallization behavior of the microparts are 
explored. Part of this section was published in the journal of “Polymer Engineering 
& Science” (S. Zhou, A.N. Hrymak, and M.R. Kamal, 2018; 58(S1), E226-E234) 
and a conference paper (SPE ANTEC® 2016 Indianapolis, 1167-1171). 
• Section 5.2 reports the influence of host matrix on the electrical and morphological 
properties of subsequent microparts. Experimental results are explained in terms of 
theoretical interfacial interaction calculations. The employed polymers are PP, PS, 
PA6 and PC. CNT is adopted as the conductive filler. In addition, the effect of filler 
concentration on the properties of corresponding moldings are detailed. Content of 
this section was published in the following journals: “Polymers for Advanced 
Technologies” (S. Zhou, A.N. Hrymak, and M.R. Kamal, 2018; 29(6): 1753-1764), 
“Composites Part A: Applied Science and Manufacturing” (S. Zhou, A.N. Hrymak, 
and M.R. Kamal, 2017; 103: 84-95), “Polymer Engineering & Science” (S. Zhou, 
A.N Hrymak, and M.R. Kamal, 2016; 56(10): 1082-1190) and “International 
Polymer Processing” (S. Zhou, A.N. Hrymak, and M.R. Kamal, 2018; 33(4): 514-
524). 
• Section 5.3 explores the effect of compounding sequence of components of PLA, 
PBSA and CNT on the electrical conductivity of PLA/PBSA/CNT microparts; in 
addition, the microstructure evolution and thermal properties of PLA/PBSA/CNT 
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microparts are studied in detail. This section was reported in the journal of “Journal 
of Materials Science” (S. Zhou, A.N. Hrymak, and M.R. Kamal, 2018; 53(12): 
9013-9025).  
• Section 5.4 systematically investigates the effect of different types of carbon fillers, 
such as CNT, CB, GNP, SG and LTEG on the properties of PP composites obtained 
via μIM. The electrical and morphological properties of subsequent microparts are 
explored in detail. Part of this section was reported in the journal of “Journal of 
Applied Polymer Science” (S. Zhou, A.N. Hrymak, and M.R. Kamal, 2017; 
134(43): 45462), “International Polymer Processing” (S. Zhou, A.N. Hrymak, and 
M.R. Kamal, 2018; 33(4): 514-524) and a conference paper (SPE ANTEC® 2018 
Orlando). Additionally, part of this section may be included in a manuscript 
submitted to a journal in the future. 
• Section 5.5 reports the influence of hybrid filler loading of CB and CNT in PS, and 
the impact of annealing on the electrical conductivity and morphological properties 
of different carbon filled PS microparts. This section will be submitted to a journal. 
➢ Chapter 6 is the conclusion section which covers all aspects of findings achieved in 
this research.  
➢ Chapter 7 points out the recommendations for future studies. 
➢ Appendix section discusses the effect of mold geometry on the properties of CNT-
containing PP microparts in μIM by adopting different types of mold inserts. A mold 
insert which has uniform thickness (0.85 mm) along the flow direction was adopted 
to fabricate microparts. The electrical conductivity and morphological properties of 
subsequent plaque microparts were compared with those of three-step counterparts. 
Part of this section may be included in a manuscript submitted to a journal in the 
future. 
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Chapter 4  
4 Experimental: materials, equipment & characterizations 
Experimental aspects relating to the present study are described in this chapter. 
4.1 Materials 
Masterbatches: 
Four types of CNT-containing masterbatches were used in this study, which are listed in 
Table 4.1. They were kindly donated by Hyperion Catalysis International Inc. (Cambridge, 
MA, USA) and all information on relevant grades was obtained from the company’s 
website (http://hyperioncatalysis.com/technology2.htm). According to the supplier, the 
proprietary nanotubes, FIBRILTM, were vapor grown with a length over 10 μm and an 
outside diameter about 10 nm. The FIBRLTM nanotubes have a density of 1.75 g/cm3 [241] 
and a surface area of about 178 m2/g [242]. 
Table 4.1 Grades of CNT-containing masterbatches from Hyperion Catalysis International. 
Base resin Grade name CNT concentration (wt%) 
PP MB3020-01 20 
PS MB2020-00 20 
PC MB6015-00 15 
PA6 MB4020-00 20 
Polymer resins: 
Isotactic polypropylene (PP, average Mw: ~250,000; average Mn: ~67,000) was purchased 
from Sigma Aldrich (Oakville, Canada). The polymer has a density of 0.9 g/cm3 and a melt 
flow index of 12 g/10 min (230oC @ 2.16 kg load). 
Polystyrene (PS) was supplied by Tabriz Petrochemical Company with a commercial grade 
of GPPS 1540. According to the supplier, GPPS 1540 is an easy flowing polymer which is 
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suitable for extrusion or injection molding applications. The polymer has a density of 1.04 
g/cm3 and the melt flow index is 11 g/10 min (200oC @ 5 kg load).  
Polycarbonate (PC), under a trademark of Panlite® K-1300, was obtained from Teijin 
Chemicals Ltd. (Japan). The density of PC is 1.20 g/cm3. PC is hygroscopic and must be 
dried thoroughly prior to melt processing. Thus, pure PC and related composites were dried 
under vacuum at 120oC for 5 h. 
Polyamide 6 (PA6), under a trademark of Ultramid® B3S, was kindly provided by BASF 
Corporation, North America. According to the supplier, the PA6 is an easy flowing, finely 
crystalline injection molding grade which is suitable for thin-walled products. It has a 
density of 1.13 g/cm3 and melt volume-flow index of 160 cm3/10 min (275oC @ 5 kg load). 
Prior to processing, PA6 and related composites were dried under vacuum at 85 °C for 8 h. 
Poly(lactic acid) (PLA), under a tradename of 4032D was obtained from Natureworks LLC 
(USA) and Poly[(butylene succinate)-co-adipate] (PBSA), under a trademark of Bionolle 
3001M was supplied by Showa High Polymer (Japan). Some characteristic properties of 
PLA and PBSA are available in Table 4.2. To remove eventual traces of moisture, both the 
PLA and PBSA were dried under vacuum at 60°C for 12 h prior to melt compounding. 
Table 4.2 Some characteristics properties of PLA and PBSA [243]. 
Properties PLA (4032D) PBSA (3001M) ASTM method 
Density (g/cm3) 1.24 1.23 D792 
Tg (oC) 55-60 -45 D3418 
Melt flow index (g/10 min) @ 210oC/2.16 kg load 7 1.4 D1238 
Tm (oC) 155-170 94 D3418 
Carbonaceous fillers: 
Five types of carbon fillers were employed as conductive additives in this research. The 
relevant grade and properties of each filler are listed in Table 4.3. The morphologies of CB 
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and GNP were characterized by SEM. Prior to morphology observations, CB and GNP 
were dispersed in acetone. Figure 4.1(a) indicates that the primary CB particles have a 
typical spherical shape and a great tendency to form a ‘string-bead’ like structure due to 
the strong Van der Walls forces. The mean particle size is in a range from 30 to 50 nm. 
Figure 4.1(b) reveals that GNP has a plate-like structure and the mean particle size is 
approximately 15 µm.  
 
Figure 4.1 The images of (a) CB and (b) GNP. 
The morphologies of synthetic graphite (SG) and low temperature expandable graphite 
(LTEG) are displayed in Figure 4.2. According to Rew et al. [244], the average particle 
size of SG is about 20 μm and the resistivity is 0.047 Ω cm. According to the supplier, the 
initial expanding temperature of LTEG is in the vicinity of 150oC (as corroborated by Wu 
et al. [109]) and the overall expansion ratio is about 230 mL/g. In addition, LTEG exhibits 
a mean particle size of nearly 180 µm with a density of 2.20 g/cm3.  
 
Figure 4.2 The images of (a) pristine SG, and (b) LTEG. 
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Table 4.3 Relevant grade and properties of carbon fillers. 
Filler Manufacturer Grade 
Density 
(g/cm3) 
Surface area 
(m2/g) 
CB 
Akzo Nobel Polymer Chemicals LLC. 
(Chicago, IL, USA) 
Ketjenblack® EC-
600JD 
1.80 ~1400 
GNP XG Sciences Inc. (Lansing, MI, USA) xGnP® Grade M 2.20 120~150 
CNT 
Chengdu Organic Chemicals Co. Ltd., 
(China) 
TNIM2 2.10 230 
SG  
Asbury Graphite Mills Inc. (Asbury, 
NJ, USA) 
A99 2.23 8 
LTEG 
Shijiazhuang ADT Carbonic Material 
Factory (China) 
ADT KP801 2.20 N/A 
The above-mentioned characteristic data were taken from the datasheets provided by the suppliers.  N/A: Not 
applicable. 
The industrial grade multi-walled carbon nanotubes (CNT, Grade: TNIM2) was purchased 
from Chengdu Organic Chemicals Co. Ltd. (China). The morphology of pristine CNT is 
displayed in Figure 4.3. The nanotubes are clearly entangled together. According to the 
supplier, the CNT, with length in the range of 30–50 µm, was fabricated by chemical vapor 
deposition (CVD) method. The outer diameter and inner diameter of the CNT are 8-15 and 
3-6 nm, respectively. 
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Figure 4.3 SEM image of as-received multi-walled carbon nanotubes, CNT. 
4.2 Preparation of carbon filled microparts 
All carbon filled polymer composites were prepared by melt blending using either a 
laboratory scale twin-screw mixer or an internal batch mixer. The detailed preparation 
procedure for all samples is given below. 
i. For samples used in Section 5.1.  
The adopted material in this section is PP/CNT 10 wt% composite. Samples were prepared 
by melt dilution of CNT-containing masterbatch (PP/20 wt%) from Hyperion Catalysis 
International with pure PP, under the operating conditions of 60 rpm and 190oC for 10 min 
by using a laboratory scale co-rotating twin-screw mixer (Haake Minilab Rheomix CTW5, 
USA).  
ii. For samples used in Section 5.2. 
In this section, different types of polymer matrices were used during sample preparation. 
The processing conditions for each sample are tabulated in Table 4.4. All samples were 
prepared by the melt dilution of masterbatches from Hyperion Catalysis International with 
corresponding pure polymer matrix, as elaborated in Section 4.1 Table 4.1. The PA6 and 
PC are hygroscopic materials. Therefore, PA6 and PC as well as corresponding CNT-
containing masterbatch pellets were dried thoroughly prior to melt processing.  
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Table 4.4 Processing conditions for CNT-containing polymer composites. 
Sample Equipment type (laboratory scale) Conditions 
PP/CNT 10 wt% Internal batch mixer (C.W. Brabender Instruments) 50 rpm/190oC/10 min 
PS/CNT 10 wt% Twin-screw mixer (Haake Minilab Rheomix CTW5) 60 rpm/200°C/10 min 
PA6/CNT 10 wt% Twin-screw mixer (Haake Minilab Rheomix CTW5) 60 rpm/240oC/10 min 
PC/CNT 10 wt% Internal batch mixer (Haake Rheomix OS) 50 rpm/260°C/10 min 
iii. For samples used in Section 5.3. 
The PLA/PBSA immiscible blend with a mass ratio of 7:3 was prepared simultaneously in 
a Brabender batch mixer (C.W. Brabender Instruments, Inc., South Hackensack, NJ, USA), 
operating at 190oC and 60 rpm for 5 min. PLA/PBSA/CNT blends, PLA and PBSA had a 
constant mass ratio of 7:3, and the incorporated CNT was kept at 5 wt% for the whole 
system, which could be identified as PLA(66.5 wt%)/PBSA(28.5 wt%)/CNT(5 wt%).  
Different compounding procedures were adopted to prepare PLA/PBSA/CNT composites. 
Sample 1: PLA was firstly compounded with CNT for 5 min at the above-mentioned 
conditions, then PBSA was added to the PLA/CNT blend and mixed for another 5 min. 
Sample 2: PBSA was firstly compounded with CNT for 5 min, then PLA was added and 
compounded for another 5 min at the same conditions. Sample 3: PLA and PBSA were 
pre-mixed for 5 min, then CNT was added and compounded for another 5 min. Sample 4: 
PLA, PBSA and CNT were simultaneously added into the batch mixer and compounded at 
the previous conditions for 10 min. In comparison with PLA/PBSA/CNT immiscible 
blends, pure PLA and PLA/CNT 5 wt% blends were processed at the same conditions. All 
blends were crushed into small particles for μIM. 
iv. For samples used in Section 5.4. 
The Brabender batch mixer (C.W. Brabender Instruments), equipped with two counter-
rotating blades, was used to prepare carbon fillers loaded PP composites. The concentration 
of carbon-based fillers (such as CB, GNP and CNT) was in a range from 0.5 to 15 wt%. 
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The compounding was carried out at 50 rpm and 190oC for 10 min, and the obtained blends 
were crushed and used for µIM. Similar to previously mentioned systems, CNT-containing 
PP composites were prepared by melt dilution of PP/CNT 20 wt% masterbatch. To 
differentiate and express each system clearly, the obtained blends were named as follows: 
CB0.5 indicates the concentration of CB in PP/CB composites is 0.5 wt%, and GNP0.5 
and CNT0.5 indicate that the concentration of GNP and CNT is 0.5 wt%, respectively. The 
PP/SG composites with filler concentrations of 10, 20, 30, 40 and 50 wt% were fabricated 
under the same conditions of 190°C and 50 rpm for 10 min, using Brabender. Similarly, a 
blend of PP composite with 30 wt% LTEG was prepared under the same conditions.  
v. For samples used in Section 5.5. 
The Brabender batch mixer (C.W. Brabender Instruments) was employed to fabricate 
different carbon fillers loaded polymer composites. The concentration of total carbon fillers 
in PS is fixed at 3, 5 and 10 wt%, respectively. However, the weight ratio of CNT to CB 
was systematically altered at various combinations (100/0, 30/70, 50/50, 70/30 and 0/100). 
Melt blending was carried out at 200oC and 50 rpm for 10 min. The obtained samples were 
named as x-PS/CNTy0/CBz0, where x is the weight fraction of total carbon fillers, y and z 
are the weight ratio of CNT and CB in the total carbon fillers. To put it simply, 3 wt%-
PS/CNT30/CB70 represents the samples with 3 wt% total carbon fillers and the weight 
ratio of CNT to CB is 3:7, i.e. PS(97 wt%)/CNT(0.9 wt%)/CB(2.1 wt%). 
4.3 Equipment and mold inserts 
All samples prepared in Section 4.2 were subject to μIM in a Battenfeld Microsystem 50 
(Wittmann Battenfeld GmbH, Austria), as displayed in Figure 4.4. The all-electric molding 
machine features a plunger injection system, which consists of a screw plasticization unit, 
a metering unit, and an injection unit [7]. The maximum clamping force and injection 
velocity are 50 kN and 760 mm/s, respectively. As given in Figure 4.4(b), an extrusion 
screw with a diameter of 14 mm was mounted at an angle of 45 degrees to the direction of 
the injection piston. Then, a pre-set volume of polymer melt was transferred to the metering 
unit which allows accurate replication of products. Then, a certain amount of polymer melt 
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was delivered into the injection unit and was pushed forward into the mold insert with the 
advancement of the injection piston. The diameter of the injection piston is 4.89 mm. 
 
Figure 4.4 Image of a Battenfeld Microsystem 50 machine and the schematic layout of the 
plasticization unit, metering unit and injection unit. Adapted from Battenfeld: 
http://www.battenfeld.ru/fileadmin/templates/docs/imm/microsystem_presentation.pdf. 
A mold insert which has three consecutive zones with decreasing thickness along the flow 
direction [245] was adopted, as depicted in Figure 4.5 (b). The dimensional details for each 
section of the microparts are tabulated in Table 4.5. The adoption of the three-step mold 
insert allows us to investigate the properties of samples which have experienced different 
thermomechanical histories under various shearing and cooling conditions. 
Table 4.5 Dimensional details for each section of the three-step microparts. 
Designation Length (mm) Width (mm) Thickness (mm) 
Thick section 5.00 2.40 0.85 
Middle section 5.00 2.40 0.50 
Thin section 4.80 2.40 0.20 
4.4 Processing conditions of carbon filled microparts 
The processing conditions for microparts varied with the materials of interest. Therefore, 
the detailed processing conditions for each set of microparts are provided below.  
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I. For microparts in Section 5.1. 
As mentioned in Section 1.4, the properties of injection molded parts can be significantly 
affected by adjusting the process parameters. To elucidate the effect of process parameters 
such as melt temperature, mold temperature, backpressure and injection velocity on the 
properties of PP/CNT microparts, a 24 factorial design was employed because 2k factorial 
design requires the smallest number of runs when a few influential factors are to be studied. 
The levels of molding conditions and the applied experimental design are given below.  
Table 4.6 Experimental design showing the 2-level 4-factor full factorial design. 
Exp. T_melt (oC) T_mold (oC) Back_Press (bar) Inj_Vel (mm/s) 
1 220 60 50 100 
2 220 60 50 500 
3 220 60 100 500 
4 220 60 100 100 
5 220 100 50 100 
6 220 100 50 500 
7 220 100 100 500 
8 220 100 100 100 
9 260 100 50 100 
10 260 100 50 500 
11 260 100 100 500 
12 260 100 100 100 
13 260 60 100 100 
14 260 60 100 500 
15 260 60 50 500 
16 260 60 50 100 
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II. For microparts in Section 5.2. 
In this study, four different types of polymer composites were employed. The melt and 
mold temperatures for each type of the polymer composites were given in Table 4.6. The 
injection velocity for all experiments was 300 mm/s. The CNT filled PA6 and PC 
composites were dried thoroughly under vacuum to remove traces of moisture prior to melt 
processing. 
Table 4.7 Processing conditions of polymer/CNT microparts. 
Microparts PP/CNT PS/CNT PA6/CNT PC/CNT 
Melt temperature (oC) 260 260 260 300 
Mold temperature (oC) 100 80 80 100 
III. For microparts in Section 5.3. 
The experiments were carried out at a melt temperature of 180oC and a mold temperature 
of 55oC. The injection velocity was 300 mm/s. Prior to molding, all samples were dried 
under vacuum at 60oC for at least 12 h. 
IV. For microparts in Section 5.4. 
The melt temperature and mold temperature were 260 and 100oC, respectively. The 
injection velocity was 300 mm/s. 
V. For microparts in Section 5.5. 
The melt temperature and mold temperature were 260 and 80oC, respectively. The injection 
velocity was 100 mm/s. 
4.5 Characterization 
The characterization techniques for the microparts are displayed as follows. To facilitate 
characterization, all microparts were divided into three sections at the transition areas based 
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on part thickness, as given in Figure 4.5(b). The properties of each section were determined 
with respect to the flow direction, which will be detailed in Chapter 5. 
 
Figure 4.5 (a) Images of the mold insert and a final micropart; (b) three-step configurations 
of the microparts, red arrows indicate the boundary of each section; (c) sampling positions 
of each section for morphology observations. 
4.5.1 Electrical conductivity 
The direct current (DC) electrical resistance (R, Ω) of each sample was measured across 
the transverse direction (TD) and parallel to flow direction (FD), respectively (see Figure 
4.5b). The R was determined using a two-probe method. In this method, the cut section 
from the microparts was placed between two copper electrodes, and applied pressure was 
used to minimize the contact resistance between the copper electrodes and surfaces of the 
sample. The R of each sample was measured by a Keithley 6514 electrometer (USA). The 
electrometer was calibrated using a known standard resistance. Afterwards, the electrical 
conductivity (σ, S/cm) for each sample was calculated with Eq. (1): 
                                       (1) 
where L (cm) is the distance between the copper electrodes, and A (cm2) is the contact area 
between the sample and copper electrodes. Five specimens were characterized for each 
measurement. 
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4.5.2 Dimensional stability 
The dimensional stability (i.e., shrinkage) of the thick section across TD of PP and PP/CNT 
microparts was determined by a micrometer (Mitutoyo, Japan). It was calculated using Eq. 
(2). 
100%m
m
d d
Shrinkage
d
−
=                    (2) 
where dm is the reference dimension (i.e. the thickness of the mold cavity) and d is the 
measured thickness of microparts. All microparts were sealed in plastic bags at room 
temperature for approximately six months after molding. For each case, the average 
thickness was calculated as the arithmetic mean of five specimens.  
4.5.3 Morphological properties 
Morphology observation is a direct method to probe the microstructure of filler-containing 
polymer composites and subsequent moldings. The samples for SEM observations were 
either cryo-fractured in liquid nitrogen or sectioned with a microtome, which will be 
detailed in sections of Chapter 5. Afterwards, the examined surface was sputter coated with 
a thin layer of platinum or gold prior to observations. The morphology was taken from the 
core layer or shear layer of each section of microparts, as depicted in Figure 4.5(c). In 
addition, all carbon filled PP samples were subject to chemical etching treatment to remove 
the amorphous phase of PP, according to Park et al. [246]. All samples were etched in a 
mixture of H2SO4(64.7 wt%)/H3PO4(32.3 wt%)/KMnO4(3 wt%) for 7h. 
4.5.4 Differential scanning calorimetry (DSC) 
The melting and crystallization behavior of polymers and carbon filled polymer composites 
as well as each section of corresponding microparts were characterized using a differential 
scanning calorimeter. All samples were characterized under a pre-set temperature profile.  
• For PP and related moldings in Section 5.1. 
The thermal behavior of PP and PP/CNT microparts were investigated using a differential  
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scanning calorimeter (Perkin-Elmer DSC Model 1) under nitrogen atmosphere. Thin slices 
taken from different sections of the microparts were cut across the TD. The measurement 
which consists of a heating phase followed by a cooling phase was performed between 0 
and 200°C at a heating rate of 20°C/min. The crystallinity (χc) was calculated with Eq. (3). 
                               (3)
 
where ∆Hm is the observed melting enthalpy of PP and ∆Hcalc is the product of melting 
enthalpy for 100% crystalline PP and its mass ratio in the composite. The melting enthalpy 
of 100% crystalline PP is 207 J/g [247].  
• For PP and related moldings in Section 5.2. 
The melting and crystallization behavior of pure PP, diluted PP/CNT composites and each 
section of corresponding microparts were traced by a differential scanning calorimeter 
(Q200, TA Instruments). The experiment was carried out under nitrogen with a gas flow 
rate of 50 mL/min. Firstly, the sample was scanned from 30 to 220oC at a heating rate of 
10oC/min. The sample was immediately cooled at a rate of 5oC/min to -30oC. It was then 
scanned from -30 to 220oC at a heating rate of 10oC/min. The melting temperature (Tm) 
and peak crystallization temperature (Tc) were obtained from both the heating and cooling 
cycles, respectively. The χc of each sample obtained from both heating cycles was 
calculated with Eq. (3). The melting enthalpy of 100% crystalline PP is 207 J/g [247]. The 
results obtained from both heating cycles were compared in an attempt to evaluate the 
influence of processing history on the thermal behavior of each sample. 
• For PA6 and related moldings in Section 5.2. 
The melting and crystallization behavior of pure PA6, diluted PA6/CNT composites and 
each section of corresponding microparts were determined using a differential scanning 
calorimeter (Q2000, TA Instruments) under nitrogen with a gas flow rate of 50 mL/min. 
Thin slices taken from the middle of each section were cut across the TD. The test, which 
consists of a heating phase followed by a cooling phase, was carried out between 40 and 
m
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240°C at a heating rate of 10°C/min. The χc for each sample was calculated with Eq. (3). 
The melting enthalpy of 100% crystalline PA6 is 230 J/g [26]. 
• For PLA/PBSA blend and related moldings in Section 5.3. 
The melting and crystallization behavior of respective sample was determined using a 
differential scanning calorimeter (Q200, TA Instruments). For microparts, the thick section 
is used for DSC measurements. The experiment was performed under nitrogen with a flow 
rate of 50 mL/min. The sample was scanned from 30 to 200oC at a heating rate of 10oC/min. 
The corresponding χc of PLA was calculated with Eq. (4) [248]:  
           (4) 
where ∆Hm is the observed melting enthalpy of PLA. The ΔH*m is the endothermic enthalpy 
of melting and ΔHcc is the exothermic enthalpy that is absorbed by crystals formed during 
the DSC heating scan, i.e. cold crystallization. ∆Hcalc is the product of the melting enthalpy 
for 100% crystalline PLA and its mass fraction in the composites. The melting enthalpy of 
100% crystalline PLA is 93.7 J/g [249].  
4.5.5 Thermogravimetric analysis (TGA) 
The thermal stability of each sample was determined by TGA (Q600, TA Instruments). 
Experiments were carried out under nitrogen at a constant gas flow rate of 60 mL/min with 
a heating rate of 10°C/min. The testing conditions for each sample were given in Table 4.7. 
Table 4.8 The testing conditions of TGA. 
Materials Conditions 
PP and related moldings The relative mass loss was recorded from 50 to 650oC. 
PC and related moldings The relative mass loss was recorded from 50 to 800oC. 
PLA/PBSA/CNT and related moldings The relative mass loss was recorded from 50 to 650oC. 
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4.5.6 Simulation (Moldflow) 
A commercial software package, Moldflow Synergy 16 (Autodesk), was used to estimate 
the maximum shear rate in μIM under the processing conditions [211]. The properties of 
CNT-containing polymer composites are not available in the database of software. In this 
scenario, a substitution could be chosen from the software database to perform simulation 
analysis [211,250]. Thus, relevant grades of pure polymers which have similar structure 
and properties were selected as the modeling materials, as detailed below. The simulation 
analysis was conducted with respect to PS, PP and PC. 
• For the simulation of PP microparts. 
A replacement of unfilled PP (Adstif HA740N, Basell Polyolefins North America), which 
has a similar structure as the pure PP used in the preparation of carbon filled PP composites, 
was selected.  
• For the simulation of PC microparts. 
The unfilled PC (Panlite® K-1300, Teijin, Japan) was selected from the software database 
for assessing the maximum shear rate in μIM.  
• For the simulation of PS microparts. 
A replacement of unfilled PS (GPPS 2282, Nova Chemicals) was selected to estimate the 
shear rate within microparts. The selected PS has similar properties to the pure PS that was 
used to dilute the masterbatch. 
4.5.7 Dissolving experiments and transmission electron microscopy 
The dissolving experiments, which show the state of CNT dispersion in a good solvent for 
the polymer matrix, are helpful to reflect the state of distribution that was achieved in the 
solid state [251]. Thus, in order to obtain a qualitative evaluation of CNT dispersion within 
PA6, the original PA6/CNT masterbatch, PA6/CNT 5 wt% extrudate and different sections 
taken from subsequent microparts were dissolved in formic acid for 1 h at 40°C. Small 
pieces of the PA6/CNT masterbatch, PA6/CNT 5 wt% extrudate and cut sections from 
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subsequent microparts were immersed in about 50 mL formic acid with external stirring. 
These solutions were formulated to acquire an equivalent amount of CNT in each vial. The 
state of CNT dispersion in the PA6/formic acid solution was recorded in digital photos by 
a Canon camera (Japan). Furthermore, the PA6/CNT/formic acid solution was diluted with 
distilled water. Afterwards, the solution was sonicated (Branson B-220, USA) for 3 min at 
a power of 125 W. A drop of the above-mentioned solution was placed on a copper grid 
(400-mesh, Formvar Carbon Film, Electron Microscopy Sciences, USA). To observe the 
nanostructure of CNT, each sample was examined by transmission electron microscopy 
(TEM, Philips CM 10) at an acceleration voltage of 80 kV, after complete evaporation of 
the liquid phase. The diameter and length of CNT were measured manually with the help 
of an image analysis software (Image J). 
4.5.8 Melt rheology 
Melt rheology test was adopted to study the development of microstructure in compression 
molded PP/carbon composites. Pötschke et al. [252] pointed out that melt rheology analysis 
provides an alternative way to detect the percolated structure of PC/CNT composites. Thus, 
a dynamic rheology test was carried out using a rheometer (RSM II, Rheometrics) in the 
melt state. To keep the response in the linear viscoelastic region, the applied strain was set 
at 1%. Dynamic rheological tests were performed using a frequency sweep ranging from 
0.1 to 100 rad/s at 190oC. 
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Chapter 5  
5 Results and discussion 
In this chapter, the properties of different carbon filled microparts are discussed in detail. 
The content for each section of Chapter 5 is briefly described below. 
Section 5.1 describes the influence of processing conditions on the properties of CNT filled 
PP microparts, which was implemented by adjusting various process parameters, such as 
melt temperature, mold temperature, backpressure and injection velocity. These process 
parameters were selected because they were considered as the key machine variables for 
injection molding process. A PP/CNT 10 wt% composite was prepared by melt dilution of 
PP/CNT 20 wt% masterbatches supplied by Hyperion Catalysis International (USA). The 
design of experiments (DOE) method was employed to elucidate the effect of each process 
parameter on the properties of subsequent microparts. 
Section 5.2 reports the influence of host polymer selection and filler concentration on the 
electrical, morphological and thermal properties of corresponding microparts. To this end, 
four different types of CNT-containing polymer composites (i.e. PP/CNT, PS/CNT, 
PC/CNT and PA6/CNT) were prepared by melt dilution of commercially available 
masterbatches from Hyperion Catalysis International. In this section, although different 
types of melt mixers were employed to prepare CNT-containing polymer composites, the 
obtained polymer blends were expected to have a relatively uniform filler distribution.  
Section 5.3 focuses on the optimization of properties of CNT-containing microparts by 
adopting the immiscible polymer blends. The adopted polymers are PLA and PBSA. In the 
immiscible blends, the mass ratio of PLA to PBSA is 70:30 and the concentration of CNT 
is fixed at 5 wt%. Different blending procedures were adopted to study the influence of 
blending sequence of various components of immiscible polymer blends on the properties 
of molded microparts.  
Section 5.4 describes the influence of different types of carbon fillers on the properties of 
molded microparts. The selected carbon materials are CNT, CB, GNP, SG and LTEG. PP 
was chosen as the host polymer for these carbon fillers. Additionally, the influence of 
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shearing conditions on the electrical and morphological properties of molded samples was 
studied by employing two different types of processing methods, such as compression 
molding and microinjection molding.  
Section 5.5 illustrates the effect of hybrid carbon filler loading and the annealing treatment 
on the properties of PS microparts. Herein, a series of hybrid carbon fillers (i.e. 3, 5, 10 
wt%) loaded PS composites were fabricated by melt blending and the mass ratio of CNT 
to CB (0/100, 30/70, 50/50, 70/30 and 100/0) was systematically altered. Afterwards, the 
obtained composites were molded under a defined set of processing conditions using the 
Battenfeld micromolding machine. 
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5.1 The influence of process parameters 
In this section, PP filled with 10 wt% CNT composites were prepared via masterbatch 
dilution and subjected to µIM under various processing conditions. The molding conditions 
were altered by systematically changing the selected process parameters, such as: melt 
temperature, mold temperature, backpressure and injection velocity. A mold insert with a 
three-step decrease in thickness along the flow direction was adopted. The effects of 
molding parameters on the electrical conductivity and dimensional stability of microparts 
were evaluated using the design of experiments method. The distribution of maximum 
shear rates along the flow direction was simulated via Moldflow, and the state of CNT 
distribution within microparts was examined by SEM. In addition, the thermal behavior of 
the microparts molded from unfilled PP and PP/CNT 10 wt% composites at different 
sampling positions along the flow direction was studied by DSC. Results showed that the 
crystallization process of unfilled PP taken from different regions of the microparts is 
temperature dependent, which was ascribed to the variations of shearing effects undergone 
by the polymer melts during µIM, while this effect was not significant for the CNT loaded 
systems. 
5.1.1 Electrical conductivity 
The electrical conductivity (σ) values for both the thick and middle sections of PP/CNT 10 
wt% microparts measured across the transverse direction (TD) and along the melt flow 
direction (FD) are reported in Figures 5.1(a) and (b), respectively. The σ for the thin section 
of microparts is not reported because acceptable thin sections could not be successfully 
sectioned from the microparts using current cutting method. Figure 5.1 reveals that the 
values of σ for both the TD and FD change simultaneously with the variations in processing 
conditions as described in Table 4.6, which suggests that the state of distribution of CNT 
within microparts becomes different with the adjustment of process parameters, such as 
melt temperature (T_melt), mold temperature (T_mold), backpressure (Back_Press) and 
injection velocity (Inj_Vel). The values of σ measured along the FD (Figure 5.1b) are 
invariably higher than those obtained across TD (Figure 5.1a) as per measurement sections, 
which indicates a role for the orientation of CNT along FD. Although obtaining a general 
relationship between the values of σ and the shearing conditions from Figure 5.1 is difficult, 
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it is noted that the value of σ increases with increasing shearing conditions, which can be 
attributed to the influence of improved distribution of CNT in PP under high shearing 
conditions and the preferential alignment of nanotubes along the FD. For example, Li and 
Shimizu [236] reported that CNT shows better dispersion in a thermoplastic elastomer 
when processed at elevated shearing conditions. Thus, the improved distribution of CNT 
in subsequent microparts contributes to the increase of σ in both the TD and FD of each 
section, whereas the preferential orientation of CNT is likely to favor the formation of 
conductive pathways along the FD which results in the enhancement of σ in this specific 
direction. However, both effects are susceptible to the variations of process parameters, 
thereby affecting the microstructure of microparts. In addition, the shearing effect is 
expected to be higher in the middle section when compared with that of the thick section. 
Consequently, the FD σ of the middle section is generally higher than that of thick section 
counterpart, despite a few exceptions such as Case 1, Case 4 and Case 15. 
 
Figure 5.1 The σ measured across (a) TD and (b) FD of both the thick and middle section 
of PP/CNT 10 wt% microparts. Experiment numbers were defined in Table 4.6. 
The level of influence of different process parameters on the σ of microparts was evaluated 
using a statistical software, Minitab 17 (USA). The main effect of process parameters on 
the σ across the TD for both the thick and middle sections are plotted in Figures 5.2(a) and 
(b), respectively. Figure 5.2(a) shows that the T_mold and Inj_Vel demonstrate significant 
influence on the σ of studied samples. Thus, based on the ranges examined, higher σ would 
74 
 
be supported by higher T_mold (100oC) and lower Inj_Vel (100 mm/s). From Figure 
5.2(b), T_mold and Inj_Vel also have a significant impact on the σ measured across the 
TD of middle section. Additionally, T_melt has a marked effect on the σ measured across 
the TD of middle section. This indicates that polymer melts experience different shearing 
or thermal history in different sections of microparts when they are produced by µIM. For 
example, viscous heating [212] would become significant with an increase of shearing 
conditions from thick section to middle section, and the resulting high melt temperatures 
might promote the formation of conductive pathways within the microparts. 
 
Figure 5.2 Main effect plots of the means of σ measured across the TD of the (a) thick and 
(b) middle sections. 
Similarly, the main effect plots of σ measured in FD of both the thick and middle sections 
are given in Figures 5.3(a) and (b), respectively. Figure 5.3(a) reveals that T_melt, T_mold 
and Inj_Vel all have a significant, positive effect on the values of σ measured along FD. 
Back_Press is also a significant factor regarding the FD σ in the thick section, and higher 
σ is favored when Back_Press is low. It is expected that the viscosity of thermoplastic 
polymer melts decreases when they are processed at higher T_melt (260oC). Meister and 
Drummer [253] reported that high T_mold would promote the mold filling of PP in µIM. 
Therefore, the degree of CNT orientation along the FD is enhanced, coupling with high 
Inj_Vel at 500 mm/s. Thus, the above factors increase the probability of CNT-CNT contact, 
which contributes to the enhancement of σ along the FD. In general, better distribution of 
fillers within the polymer melts could be achieved with an increase of Back_Press. The 
sizes of CNT agglomerates are, to some extent, reduced due to better mixing before 
polymer melts enter mold cavity, which might be detrimental to the enhancement of overall 
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σ due to the improved filler dispersion. For example, Alig et al. [254] reported that the 
presence of CNT agglomerates is crucial to the enhancement of σ of polymer composites. 
Figure 5.3(b) indicates that a similar influencing trend is observed for the values of σ 
measured along the FD of middle section. However, T_mold shows the highest influencing 
effect, followed by T_melt, whereas the effect of other process parameters becomes less 
significant. It could be conjectured that the degree of orientation of polymer chains and 
CNT would be higher in the middle section than in the thick section arising from the sharp 
increase of shearing conditions [99,255]. Therefore, an increase of T_mold might promote 
the relaxation of polymer chains during µIM which is beneficial to the formation of random 
conductive pathways, thereby facilitating the increase of σ along the FD. 
Combining the results of Figures 5.2 and 5.3, it is suggested that increasing both T_melt 
and T_mold generally raises the σ of microparts in both measurement directions, whereas 
an increase of Inj_Vel is advantageous to the enhancement of σ along FD and detrimental 
to the σ across TD. This can be related to the development of microstructure in µIM.  
 
Figure 5.3 Main effect plots of the means of σ measured along the FD of the (a) thick and 
(b) middle sections. 
5.1.2 Morphology 
The above discussion suggests that high shearing conditions have a significant influence 
on the development of microstructure in microparts. Thus, Cases 11 and 14 were selected 
because higher shearing conditions are expected to prevail in those cases since the 
microparts were molded under conditions of higher T_melt and Inj_Vel. The morphology 
of the chemically etched surface which was taken from the core region of thick section is 
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shown in Figure 5.4. Traces indicating the existence of CNT agglomerates (i.e. white 
spots/domains) are observed in Figure 5.4(a). This is mainly ascribed to the fact that PP is 
a semi-crystalline polymer. Therefore, the distribution of CNT within the PP crystallites is 
not favored and CNT is primarily distributed within the amorphous domains [101]. Figure 
5.4(b) shows that the interconnected CNT network is constructed within PP which is 
crucial to the improvement of overall σ for as-molded products. Moreover, Figure 5.4(c) 
reveals that there is a preferential orientation of individual CNT or CNT bundles in one 
specific direction, i.e. flow direction. This is attributed to the combined effects of shearing 
and extensional force fields that are generated during the µIM process. 
 
Figure 5.4 SEM images of chemically etched surface of the core region of the thick section 
molded under conditions of Case 14 at different magnifications: (a) ×10 k, (b) ×60 k and 
(c) ×100 k.  
The development of internal microstructure observed from the etched surface of each 
section is presented in Figure 5.5. All samples were microtomed across the TD as per the 
cut section from the microparts. All images were captured from the core region of the 
microparts as indicated by the arrows. Results revealed that the distribution of CNT within 
PP is not uniform and CNT agglomerates with various sizes are detected in Figure 5.5(a), 
which is consistent with the result stated previously in Figure 5.4(a). As shown in Figure 
5.5, CNT agglomerates are detected in the thick section (Figure 5.5a). The number of CNT 
agglomerates decreases in the middle section of micropart (Figure 5.5b), whereas nearly 
no CNT agglomerates could be observed in the thin section (Figure 5.5c). These differences 
are consistent with the variations of shearing conditions experienced by the polymer melts 
within different sections of microparts [236].  
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The simulation results for the distribution of maximum shear rates along the FD are also 
illustrated in Figure 5.5. The estimated (Moldflow) shear rate in the core layer of thick 
section is roughly 2.5×103/s (the average size of CNT agglomerates is about 0.59 μm), and 
the shear rate increases to nearly 6×103/s in the core layer of middle section (the average 
size of CNT agglomerates is approximately 0.32 μm) whereas the shear rate in their thin 
section counterpart is around 1.25×104/s (almost no agglomerates were observed). Please 
note that the simulation analysis was performed with pure PP; however, the results could 
qualitatively reflect the extent or variations of shearing effect present in different sections 
of PP/CNT microparts.  
For the three-stepped microparts, an increase of effective shear rates is expected after the 
abrupt change of mold geometry amid different sections of the microparts arising from the 
‘contraction flow’ of the advancing polymer melts. In addition, the extensional forces in 
different sections are quite significant in such rectangular mold cavities. Therefore, a 
higher degree of CNT orientation along FD is expected with an increase of shearing and 
extensional effects [256,257]. As a result, it is reasonable to attribute the development of 
microstructure in different sections of microparts to the variations of shearing conditions. 
 
Figure 5.5 The distribution of maximum shear rates (Moldflow) and the development of 
microstructure along the flow direction for the (a) thick, (b) middle, and (c) thin sections 
of a micropart. The micropart was fabricated under conditions of Case 11. 
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5.1.3 Shrinkage analysis 
The injection molded articles usually exhibit shrinkage arising from the orientation effect 
of polymer chains and as a result of the significant variations of pressure-volume-
temperature (PVT) conditions during the process, especially for semi-crystalline polymers 
[258]. Jansen et al. [259] reported that the shrinkage of injection molded products is 
strongly dependent on the processing conditions. Thus, it is important to consider the 
dimensional stability of injection molded products, especially for intricate microparts 
which should meet precise size requirements.  
Figure 5.6(a) shows that microparts molded from unfilled PP exhibit the highest shrinkage. 
The orientation of polymer chains along the FD is responsible for this phenomenon [260]. 
Chu [258] pointed out that the molecular orientation is a result of combined effects of 
shearing and freezing. However, both effects are accentuated in µIM. Thus, the aligned 
structure could be easily frozen in the surface (skin) layer due to the fast cooling of polymer 
melts next to the mold wall. Since PP has a low thermal conductivity [32], the solidified 
skin layer acts as an insulating shield. As a result, the polymer chains in the core layer have 
more time to relax to their thermodynamically favored state, leading to the high shrinkage 
of pure PP microparts. However, the shrinkage is reduced substantially for CNT-containing 
microparts, which suggests that the addition of CNT enhances the dimensional stability of 
microparts. As shown in Figure 5.4(b), a 3D conductive network is typically established 
within the thick section at 10 wt% CNT. In this case, the physical network of CNT would 
restrict free motion of the polymer chains, which makes the dimensions of microparts more 
stable. In addition, there would be more retention of original dimensions of PP/CNT 
microparts due to the enhanced rigidity of polymer composites [261] when compared with 
that of pure PP. Furthermore, the addition of carbon-based fillers into polymer matrices not 
only increases the σ of resultant composites, but also the thermal conductivity is enhanced. 
Consequently, the higher thermal conductivity of CNT-containing PP composites 
facilitates heat conduction and the molded microparts could experience simultaneously fast 
cooling at the surface and in the core. Therefore, the relaxation of orientated structure is 
constrained, i.e. the shrinkage of as-molded microparts is reduced.  
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Figure 5.6 (a) Shrinkage of the thick section of microparts measured across the TD under 
various processing conditions. Case 0 refers to the μIM of unfilled PP; (b) the main effect 
plot of the means of shrinkage measured across the TD of thick section. 
The influence of process parameters on the shrinkage of thick section across the TD is 
displayed in Figure 5.6(b) which shows that T_melt has the highest influence, then 
followed closely by Back_Press and T_mold. Increasing T_melt promotes the shrinkage of 
thick section in TD, which could be attributed to the increased mobility of polymer chains 
at elevated T_melt. The increased mobility of polymer chains facilitates the crystallization 
process, thereby increasing the shrinkage of subsequent moldings. Li et al. [262] reported 
that the shrinkage of polymer matrix could reduce the distance between adjacent CNT or 
CNT agglomerates, which contributes to the increase of σ of injection molded samples. 
Similar results were reported by Alig et al. [150] for PC/CNT composites. Although the 
increase of T_mold facilitates the motion of polymer chains, it could also promote the mold 
filling behavior of PP [253] which could, to some extent, enhance the dimensional stability 
of subsequent moldings. Increasing Back_Press is beneficial to the compact packing of 
polymer melts, which is helpful in reducing the shrinkage. Interestingly, the influence of 
Inj_Vel is minimal, which reflects that the shearing conditions are quite high even at a 
lower Inj_Vel (100 mm/s). Thus, a further increase of Inj_Vel has a trivial effect on the 
orientation of polymer chains along the FD. A similar effect was observed by Jansen et al. 
[259] in high density polyethylene (HDPE), for the injection molding process. 
In general, µIM is a rapid molding process in which the mold filling could be completed 
within sub-second. Therefore, the concurrent shearing and cooling rates of polymer melts 
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would be significantly higher in μIM when compared with those of CIM [193] due to their 
very high surface area to volume ratios. The average temperature (Taverage) of polymer melts 
during solidification could be calculated based on the following equation [194]:  
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where α is the thermal diffusivity and H is the thickness of the sample. Taking pure PP as 
an example, α is taken as 0.06 mm2/s [194] and the values of T_melt and T_mold are 260 
and 100oC, respectively. Figure 5.7 reveals that there is a significant difference of cooling 
rates between different sections of microparts, and the cooling time drops quickly as the 
thickness of mold cavity is reduced. For instance, Taverage approaches T_mold at about 7 s 
for the thick section, followed by the middle section at 2.5 s and thin section at about 0.35 
s. Additionally, corresponding values of samples with incorporated CNT are expected to 
be much lower due to their higher α. As a result, there would not be enough time for the 
relaxation of polymer chains in the microparts, and the flow-induced orientation of polymer 
chains could be adequately maintained [194]. 
 
Figure 5.7 Temperature profiles in the thick section, middle section and thin section of pure 
PP microparts depending on the cooling time. 
5.1.4 Differential scanning calorimetry (DSC) 
As per Section 4.5.4, the thermal behavior of pure PP and PP/CNT microparts was studied 
using a differential scanning calorimeter (Perkin-Elmer DSC Model 1) under dry nitrogen. 
Figures 5.8(a) and (b) illustrate the thermal behavior of unfilled PP samples sectioned from 
different regions of the microparts along the flow path. It has been reported that PP has 
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multiple crystalline forms, namely α (monoclinic), β (trigonal), γ (orthorhombic), and 
smectic mesophase [263]. Figure 5.8(a) shows that all samples exhibit similar melting 
behavior and the melting temperature (Tm) is found in the vicinity of 162
oC, which is 
associated with the melting of α-crystals of PP [264]. In addition, a small melting peak is 
typically detected at around 170oC for the thick section of PP microparts, which might be 
attributed to the phase transformation of PP from β-form crystals to the α-form during the 
heating process. The recrystallization of polymer chains during the heating procedure in 
DSC measurement promotes the formation of thicker lamellae of α-crystals [265], thereby 
leading to the appearance of a much higher melting point. However, this could also be 
attributed to other influencing factors, e.g. the existence of impurities or other additives in 
the PP, since the second melting peak is only observed in the thick section and the melting 
peak is quite small when compared with the main melting peak which centers around 
162oC. Therefore, a thorough investigation of the crystalline structure or microstructure 
might be helpful to elucidate this phenomenon. 
Figure 5.5 shows that the average shear rate follows an order of gate region > thin section 
> middle section > thick section within the microparts. Then, it can be deduced from Figure 
5.8(a) that the variation of shear rates has little influence on the crystal morphology within 
the microparts. Table 5.1 shows that the χc of each section for both pure PP microparts and 
PP/CNT 10 wt% microparts which were molded under conditions of Case 1 (which has the 
lowest shearing effect, as validated by Moldflow simulation) demonstrates similar trend as 
the simulated shear rates, indicative of flow-induced crystallization for the polymer matrix. 
In addition, the corresponding melting peaks for the thin section and gate region become 
narrower, suggesting a more homogeneous distribution of lamellae thickness. Furthermore, 
it is observed from Figure 5.8(b) and Table 5.1 that the crystallization of unfilled PP with 
respect to the sampling positions of micropart is shear rate dependent, or more specifically, 
temperature dependent. Samples taken from high shear regions, i.e. gate and thin sections 
crystalize first. In this scenario, the possible explanations could be: (1) the higher surface 
area to volume ratio of the thinner sections promotes the proliferation of nuclei during the 
crystallization process; (2) the variations of shearing conditions in different sections of the 
microparts contribute to the crystallization process, i.e. flow induced crystallization. 
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Figure 5.8 DSC (a) heating and (b) cooling curves obtained from microparts molded from 
unfilled PP; DSC (c) heating and (d) cooling curves obtained from microparts molded from 
PP/CNT 10 wt% composites under conditions of Case 1. 
As to the microparts molded in Case 1, the thermal behavior of CNT filled microparts 
demonstrates differently when compared with that of unfilled system. Figure 5.8(c) shows 
that all samples exhibit nearly the same Tm (around 160
oC) regardless of sampling positions 
along the FD. This finding is in agreement with the results reported for PP/CF composites 
[173] and PP/CNT composites [266]. In addition, there is a slight reduction of Tm for 
PP/CNT microparts when compared with their pure PP counterparts. This could be possibly 
attributed to the influence of the presence of CNT within polymer matrix. Irrespective of 
the significant shearing effect in µIM, the presence of CNT has a marked heterogeneous 
nucleation effect in PP/CNT systems which is reflected in Figure 5.8(d). As a result, the 
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increased number of nucleation sites may lead to the formation of a large amount of small 
crystalline domains which are more susceptible to heat. In addition, Table 5.1 shows that 
the crystallization temperature (Tc) of CNT filled PP composites shifts to higher 
temperature regions when compared with those of unfilled PP. However, as compared with 
Figure 5.8(b), the temperature dependence of crystallization peaks diminishes for PP/CNT 
systems, which is ascribed to the fact that CNT plays a role of nucleating agent [267], 
which aids in the crystallization process of PP. 
Table 5.1 The crystallization temperature (Tc) and crystallinity (χc) obtained for microparts 
molded from pure PP and PP/CNT 10 wt% composites with respect to different sampling 
positions. 
Sample 
Gate region Thick section Middle section Thin section 
Tc (oC) χc Tc (oC) χc Tc (oC) χc Tc (oC) χc 
unfilled PP 118.06 0.742 116.06 0.403 117.06 0.391 117.38 0.474 
Case 1 126.73 0.602 126.17 0.393 126.45 0.389 126.72 0.490 
5.1.5 Summary 
PP/CNT 10 wt% composites were prepared via masterbatch dilution process, then followed 
by µIM under various processing conditions. The electrical conductivity measurements 
were carried out on the thick and middle sections of microparts with respect to melt flow 
direction. The effect of actual molding conditions on the electrical conductivity was 
analyzed. Results suggested that increasing backpressure does not significantly contribute 
to enhancing the electrical conductivity, but it could significantly enhance the dimensional 
stability of microparts. Higher melt temperature and mold temperature are beneficial to the 
formation of conductive pathways, thereby enhancing the electrical conductivity of 
resultant microparts. Increasing injection velocity has a detrimental effect on the electrical 
conductivity measured across the transverse direction, whereas the electrical conductivity 
along the melt flow direction is enhanced. The orientation of CNT along the flow direction 
is favored at elevated injection velocity, which would, to a certain degree, increase the 
probability of CNT-CNT contact, facilitating the enhancement of electrical conductivity 
84 
 
along flow direction. Simulation results indicated that the distribution of maximum shear 
rates within microparts exhibits an increasing trend along the melt flow direction, i.e. thick 
section < middle section < thin section. SEM observations revealed that the distribution of 
CNT within PP is not uniform. The microstructure development along the flow direction 
was correlated with simulation results. Interestingly, the crystallization process of unfilled 
PP is shear rate (temperature) dependent which could be related to the very high shearing 
and extensional effects in µIM, and this phenomenon is absent from CNT loaded systems, 
indicating that the presence of CNT can alter the crystallization process of polymer chains, 
as indicated in Figure 5.8. 
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5.2 The influence of host polymer matrix and CNT loading 
concentrations 
In this section, the effect of interfacial interactions between conductive filler, i.e. CNT, and 
different types of host polymers (i.e. PP, PS, PC and PA6) was studied in detail. Although 
the surface tension between CNT and each polymer can be estimated by measuring contact 
angle, the measurement process is quite lengthy and labor-intensive [268]. Therefore, the 
interfacial interaction between polymer and CNT was evaluated by theoretical calculation 
[269], which was commonly adopted to assess the interfacial tension between polymer and 
the incorporated fillers. In addition, the influence of filler concentration on the properties 
of polymer/CNT composites was thoroughly reported. To this end, a series of CNT-
containing polymer composites were fabricated by melt dilution of commercially available 
masterbatches with respective pure polymer components using laboratory scale mixers. 
Subsequently, the obtained composites were processed by using a microinjection molding 
machine, i.e. Battenfeld Microsystem 50. A mold insert which has three consecutive zones 
with decreasing thickness along the flow direction was adopted to fabricate microparts. 
The microparts were mechanically divided into three sections, namely thick, middle and 
thin sections, based on part thickness. Morphology observations and electrical conductivity 
measurements were performed with each section of microparts to explore the evolution of 
microstructure. The electrical conductivity and microstructure of various thermoplastic 
microparts filled with CNT were compared. Results suggested that the selection of host 
polymers affects the distribution of CNT within subsequent moldings, which affects the 
electrical conductivity. The thermal stability of CNT-filled PC and PP composites as well 
as subsequent microparts were evaluated by TGA. Results showed that the thermal stability 
of PC/CNT moldings deteriorated upon the addition of CNT, whereas thermal stability of 
PP/CNT counterparts increased with increasing filler concentrations. In addition, the 
nanostructure of CNT after melt processing was investigated by TEM. The melting and 
crystallization behavior of PP/CNT and PA6/CNT composites as well as corresponding 
microparts were studied by DSC. Raman analysis was utilized to study the orientation and 
structural properties of CNT in microparts. 
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5.2.1 The effect of host matrix 
5.2.1.1 Electrical conductivity  
The average σ values measured for the thick and middle sections of different polymer/CNT 
microparts at a constant filler concentration, i.e. 10 wt%, are displayed in Figure 5.9. It is 
apparent that the average values of σ measured along the FD of the PC/CNT 10 wt% (PC-
10), PA6/CNT 10 wt% (PA6-10), PS/CNT 10 wt% (PS-10) and PP/CNT 10 wt% (PP-10) 
microparts is invariably higher than that across the TD. However, the average FD σ for the 
thick section of PC-10 micropart is slightly lower than that measured across the TD. The 
above indicates that the host polymer selection has an influence on the σ of subsequent 
microparts. Moreover, the average TD σ for the thick section is always higher than that 
obtained from their middle section counterparts, whereas the average FD σ for the middle 
section is comparable to or slightly higher than that achieved for the thick section. This 
suggests a higher tendency for CNT alignment along the FD of the middle section caused 
by the higher shear rates in the thinner section. In addition to the existence of very high 
shear force fields in µIM, the extensional forces could be quite significant at the contraction 
regions which contribute to the preferential orientation of CNT in the melt filling direction. 
Moreover, the interfacial interactions between polymer matrix and CNT could play a part. 
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Figure 5.9 The comparison of electrical conductivity (σ) for different polymer systems with 
10 wt% CNT with respect to the measurement sections and directions. FD-flow direction; 
TD-perpendicular to the melt flow direction, i.e. transverse direction. 
The values of interfacial tension between different polymer matrices and CNT could be 
calculated using the geometric-mean equation which has been proposed for systems of a 
high-energy material, CNT, and a low-energy material, polymer matrix [269], as described 
below. 
5.0
21
5.0
212121 )*(2)*(2
ddpp  −−+=−         (5) 
where γ1 and γ2 are the values of surface tension of component 1 and component 2, 
respectively. p
1  and 
d
1  are the polar and dispersive contribution of surface tension of 
component 1. The surface tension values for PA6, PP and PS at 260oC are taken from 
literature [270]. However, the values of surface tension of PC at 300oC are not available 
and they were extrapolated from literature values at 20oC [271] by taking the influence of 
temperature into account [272]. According to Pötschke et al. [272], the extrapolation of 
surface tension values towards the melt state are based on linear approximation and under 
assumption of temperature independence of polymer polarity. In addition, values of surface 
tension for CNT are taken from literature [268,273]. The above-mentioned data are listed 
in Table 5.2. The calculated interfacial intension values between different polymer/CNT 
pairs are displayed in Table 5.3.  
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Table 5.2 The surface tension values of PP, PS, PA6, PC and CNT. 
Material (mN/m)  (mN/m)  (mN/m) Ref. 
PPa 15.94 0.37 15.57 [270] 
PSa 23.44 0.168 23.272 [270] 
PA6a 36.42 13.2 23.22 [270] 
PCb 23 4.37 18.63 N/A 
CNT 27.8 10.2 17.6 [273] 
45.3 26.9 18.4 [268] 
a. Data calculated at 260oC; b. data calculated from the surface tension values at 20oC, according to Pötschke 
et al. [272]. 
Table 5.3 shows that there is a noticeable disparity among the calculated interfacial tension 
values of different polymer/CNT pairs, when two different sets of surface tension values 
for CNT are used. Despite the difference of surface tension values for CNT, the general 
trend for resulting calculations is similar as the calculated values of interfacial tension for 
different polymer/CNT pairs obey the same order: PS/CNT ˃ PP/CNT ˃ PC/CNT ˃ 
PA6/CNT. Moreover, Table 5.3 indicates that the polar polymers, such as PA6 and PC 
have lower interfacial tension with CNT, which means there is better wettability between 
the polymer matrix and CNT, implying better dispersion of CNT in corresponding polymer 
composites [95,97].  
Interestingly, the calculated interfacial tension value for PS/CNT pair is higher than that of 
PP/CNT pair; however, the possible π-π interactions between sidewall of CNT and the 
pendant phenyl groups on PS chain backbones might enhance the interfacial interactions 
between PS and nanotubes [274], thereby leading to an improved dispersion of CNT in PS. 
Figure 5.9 reveals that the PP-10 microparts demonstrated the highest σ values for each 
section with respect to the measurement directions, when compared with other polymer 
systems. In this scenario, both the semi-crystalline nature of PP [101] and poor interfacial 
i
p
i
d
i
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interactions between CNT and PP are likely contributing factors, which are beneficial to 
the formation of CNT agglomerates in PP, thereby enhancing the σ of subsequent moldings 
[101,150,275,276]. Moreover, an interphase layer of polymer matrix (such as PS, PC and 
PA6) surrounding CNT might be likely developed due to a better wettability between CNT 
and host polymers. Although the existence of interphase layer facilitates the distribution of 
CNT in corresponding polymer matrix, it would be detrimental to the enhancement of σ in 
subsequent moldings [97,277]. 
Table 5.3 Interfacial tensions between different pairs of polymer/CNT composites. 
Pairs Interfacial tension, mN/m (CNT [273]) Interfacial tension, mN/m (CNT [268]) 
PP/CNT 6.75 21.08 
PS/CNT 8.15 23.1 
PA6/CNT 0.582 2.69 
PC/CNT 1.23 9.59 
5.2.1.2 Morphology 
The development of microstructure of the thick section in CNT filled various polymer 
matrices is displayed in Figure 5.10. Samples were fractured in liquid nitrogen across the 
TD. All images were taken from the core layer, as indicated in Figure 4.5. The distribution 
of nanotubes in each sample has been highlighted by black arrows or contours. Results 
indicate that CNT has a relatively uniform distribution in PC, PA6 and PS, which confirms 
the explanations in the previous section. However, despite the presence of individually 
dispersed CNT, CNT agglomerates could be clearly observed in the thick section of PP-10 
microparts. It has been reported [150,275,276] that the existence of CNT agglomerates is 
beneficial to the enhancement of σ for polymer composites. This could explain the 
observation that the thick section of PP-10 microparts showed the highest σ values with 
respect to measurement directions when compared with the other polymeric systems, as 
displayed in Figure 5.9. 
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Figure 5.10 The morphology of the thick section of CNT filled various polymer systems. 
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5.2.2 The effect of CNT loading concentrations on the electrical 
and morphological properties of polymer/CNT microparts 
5.2.2.1 The electrical conductivity and morphology of PS/CNT 
microparts 
5.2.2.1.1 The effect of processing conditions on the electrical 
conductivity of PS/CNT microparts 
The design of experiments (DOE) method was used to study the effect of machine variables 
(i.e. process parameters) on the properties of microparts. The selected process parameters 
were injection velocity and melt temperature, which are considered as key molding 
machine settings for injection molding process [88,149]. Thus, a two-level two-factor full 
factorial design was applied and tabulated in Table 5.4. The mold temperature was kept at 
40°C. The weight fraction of CNT in the polymer composite used in the DOE design is 
fixed at 10%.  
Table 5.4 The DOE design for µIM of PS/CNT 10 wt% composites. 
Variables Melt temperature (oC) Injection velocity (mm/s) 
Case 1 240 550 
Case 2 240 700 
Case 3 260 550 
Case 4 260 700 
The log σ for each section of microparts is plotted as a function of measurement directions 
in Figure 5.11. The σ of microparts was measured in three perpendicular directions to 
determine anisotropy, i.e. the flow direction (FD), the transverse direction (TD) and the 
normal direction (ND), as depicted in Figure 5.11(a). Figure 5.11 demonstrates that melt 
temperature is the main factor that affects σ of PS/CNT microparts, which indicates that 
higher melt temperature is beneficial to the network formation by conductive fillers, thus 
improving the overall σ of resultant microparts. This finding is in agreement with the 
results reported by Lellinger et al. [278] for injection molded PC/CNT composites. This is 
mainly due to the fact that polymer chains are more flexible at higher melt temperature 
which makes them more responsive to shear force. However, Villmow et al. [88] found 
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that the injection velocity plays a dominant role in determining the σ of CIM macroparts. 
This indicates that the processing history that prevails in µIM is different from that in CIM.  
 
Figure 5.11 The σ measured through different directions of the (a) thick and (b) middle 
sections of PS/CNT microparts prepared under various processing conditions. 
Figure 5.11(b) exhibits that the σ in the FD of the microparts prepared in Case 4 showed 
the highest value, which is nearly 5 orders of magnitude higher than that obtained from the 
microparts molded in Case 2. In this scenario, the result is explained by two factors: (1) in 
Case 4, both the melt temperature and injection velocity are higher which facilitate the 
orientation of CNT along the flow direction; (2) there is a sharp change of mold cavity 
thickness from 0.85 mm (thick section) to 0.50 mm (middle section). It is anticipated that 
the effective shear rate is much higher when the polymer melt flows from the thicker cavity 
into a thinner one, which was corroborated by the simulation results shown in Figure 5.12. 
In addition, the extensional forces are quite significant in the contraction regions between 
different sections of the microparts. Therefore, a strong CNT orientation in the thinner part 
of the microparts is expected when compared with that of its thicker counterpart. 
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Figure 5.12 The simulated maximum shear rate distribution around the contraction areas: 
(a) from the thick to middle sections and (b) from the middle to thin sections, respectively. 
5.2.2.1.2 The effect of CNT concentrations on the electrical 
conductivity of PS/CNT microparts 
Like most polymers, PS is intrinsically an electrical insulator. It will become conductive 
when the conductive filler, i.e. CNT, dispersed within the host matrix attains sufficient 
contacts to form a percolated structure which assists the electron transportation. However, 
the configuration and quality of dispersion of conductive particles in injection molded host 
polymers, especially CNT with high aspect ratio, depend strongly on processing conditions 
[147]. Notably, shear rates as high as 106/s are not rare in µIM [13]. Therefore, the pc of 
injection molded parts often shifts towards higher concentration of filler loadings when 
compared with other processing techniques, for example compression molding [12]. The 
log σ values are plotted against the weight fraction of CNT in Figure 5.13. The figures are 
plotted separately with respect to measurement directions relative to the mold filling (flow) 
direction. The microparts were prepared under the conditions of Case 3 (see Table 5.4).  
Figure 5.13 illustrates that the σ for all studied samples increased with increasing loading 
fractions of CNT in the composites. Figure 5.13(a) indicates that the σ for the thick section 
measured across the TD is invariably higher than that observed for the middle section of 
micropart. Herein, it is proposed that there might be a shearing migration effect of CNT 
from the surface (skin) to the core region of the microparts during the injection molding 
process. It has been reported that higher migration of loading fillers occurs with an increase 
of shear rate [279,280]. Therefore, the corresponding σ obtained in the middle section is 
somewhat lower than that observed for the thick section counterpart. In addition, Figure 
5.13(b) shows that the σ for both the thick and middle sections of microparts along the ND 
showed almost similar value up to a CNT loading of 7 wt%. This is mainly due to the fact 
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that CNT is preferentially oriented along the FD during µIM. Therefore, it would be hard 
to construct enough conductive pathways by CNT in this specific direction at low filler 
concentrations. Similar trend was also observed for measurements along the FD up to a 
CNT loading of 10 wt%, as shown in Figure 5.13(c). It can be deduced from Figure 5.13 
that the pc for all studied directions falls in the region ranging from 5 to 7 wt%. In addition, 
Arjmand et al. [281] reported that the pc for PS/CNT composites is about 5 wt% in CIM. 
Thus, the above indicates that percolated conductive structure is hard to build in injection 
molded samples, especially in µIM, which is consistent with the results reported by Abbasi 
et al [12]. 
 
Figure 5.13 The σ measured across the (a) TD, (b) ND, and (c) FD on the thick and middle 
sections of PS/CNT microparts as a function of CNT content. 
5.2.2.1.3 Morphology 
The morphology of PS/CNT 10 wt% microparts along the FD is shown in Figure 5.14. All 
images were taken from the core region of each part which is marked by black arrows in 
Figure 5.14. Figure 5.14 indicates the formation of an interconnected network of CNT 
within PS in all graphs. Interestingly, a typical fiber distribution structure (labeled by red 
arrows in high magnification images) is observed along the FD, which suggests a 
preferential alignment of CNT in the FD owing to the strong shearing effect resulting from 
the combined effects of high injection velocity, high melt temperature and, most 
importantly, step decrease of the thickness of mold cavities. The diameter of individual 
CNT was measured from the SEM images with the software Image J and the detectable 
diameter of individual CNT observed in Figure 5.14 mainly lies in the range of 20-40 nm, 
which is higher than the technical data (approximately 10 nm) provided by the producer. 
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One possibility is that a thin layer of PS matrix surrounded the CNT after melt processing 
due to the possible π-π interaction [282] amid the sidewall of nanotubes and the polymer 
matrix. In addition, the σ for the middle section along the FD prepared in Case 4 is higher 
than that observed for the thick section, as indicated in Figure 5.11. Meanwhile, all samples 
experienced a simultaneous reduction of the σ measured through both the TD and ND for 
the middle section when compared with corresponding values obtained from thick section 
counterparts. The results reflect the higher degree of CNT orientation in the middle section 
due to a reduction of the mold cavity thickness along the flow direction, in agreement with 
the simulation results reported in Figure 5.12.  
 
Figure 5.14 SEM images of cryo-fractured surface along the flow direction of microparts 
prepared in Case 4 with respect to measurement sections: (a, d) thick section; (b, e) middle 
section, and (c, f) thin section. 
Normally, a typical ‘skin-core’ structure is expected in injection molded articles due to the 
high shear force and fast solidification of polymer melt close to the cold surface of mold 
wall, thus filler orientation is observed in the skin region [88]. For example, Jiang et al. 
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[13] reported that CNT is preferentially aligned along the flow direction in the shear layer 
(i.e. skin layer) rather than the core region of the microinjection molded parts.  
The morphology of the cryo-fractured surface (perpendicular to flow direction) of the thick 
section for PS/CNT 10 wt% microparts prepared in Case 3 is presented in Figure 5.15. 
Figures 5.15(a) and (c) are taken from the middle of the thick section close to mold wall 
which is deemed as the skin layer, whereas (b) and (d) are taken from the core region 
correspondingly. Generally, the observable white dots in both photos are the ends of 
nanotubes. Figures 5.15(a) and (b) show that the CNT dispersed evenly within the host 
matrix and there are more white dots observed in the skin layer than in the core region, 
indicating that CNT is dominantly oriented in the skin layer along the flow direction. It can 
be seen from Figures 5.15(c) and (d) that the 3D conductive network is constructed by the 
interconnection of CNT within PS, facilitating the transport of electrons. In addition, there 
are more detectable CNT ends (i.e. white dots or protrudes) in Figures 5.15(c) than (d). 
Conversely, the diameter of CNT observed in Figure 5.15(d) is slightly higher than that in 
(c). This suggests that the very high shear deformation rate and stresses in the skin layer 
might overcome the interactions between the CNT particles and polymer matrix. 
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Figure 5.15 SEM images of the cross section of the microparts: (a, c) show the skin layer 
of thick section in different magnifications while (b, d) show the core layer of thick section 
in different magnifications. 
5.2.2.2 The electrical conductivity and morphology of PA6/CNT 
microparts 
5.2.2.2.1 The effect of CNT concentrations on the electrical 
conductivity of PA6/CNT microparts 
The electrical resistivity (ρ) which is the reciprocal of the electrical conductivity (σ) for 
compression molded PA6/CNT samples and each section of corresponding microparts is 
reported in Figure 5.16. No ρ could be measured for the thin section of PA6/CNT 2 wt% 
(i.e. CNT2) microparts due to a lack of conductive pathways, as displayed in Figure 
5.16(b). However, the ρ across the TD for both the thick and middle sections is almost two 
orders of magnitude higher than that measured along the FD, indicating a preferential 
orientation of CNT in the flow direction. In addition, there was a reduction of ρ in the 
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middle section when compared with that of the thick section counterpart with respect to 
the measurement directions, which could be related to the improved dispersion of CNT in 
the polymer matrix (discussed in the following section). Although the formation of a 
conductive network seemed to be unlikely at such a lower CNT loading concentration (2 
wt%), the improvement of σ in the FD could be explained by a hopping or tunneling 
mechanism [283]. In this case, physical contact between the added fillers is unnecessary as 
long as they are close enough to allow the passage of electrons [284,285]. As the orientation 
and dispersion of CNT are favored in PA6 with increasing shear rates, the average distance 
between individually dispersed CNT decreases in the middle section and the transport of 
electrons is therefore facilitated through ‘tunneling’ between adjacent CNTs [283,286].  
Figure 5.16(c) shows that there was an increase of ρ measured in the TD and FD for CNT5 
microparts from the thick to thin sections. However, like CNT2 microparts, the ρ measured 
along the FD was invariably lower than the value obtained from the compression molded 
samples (Figure 5.16a), which further confirmed a preferential alignment of CNT in the 
flow direction. An increase of ρ in the middle section of microparts could be related to the 
improved dispersion of CNT and the disentanglement of CNT aggregates arising from the 
increasing shear rates. For example, Ferreira et al. [95] pointed out that the pc for PA6/CNT 
composites in μIM is 4-6 wt%. In the case of CNT5, the values of σ would be dominated 
by the formation of conductive network through physical interconnection amid dispersed 
CNTs and small CNT aggregates. Thus, the improved dispersion of the incorporated fillers 
in the middle section of corresponding microparts might be detrimental to the formation of 
conductive network [276,285], thereby lowering the σ in according section [285]. 
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Figure 5.16 The electrical resistivity (ρ) of (a) compression molded PA6/CNT samples and 
sections of (b) CNT2 microparts, (c) CNT5 microparts and (d) CNT10 microparts. 
The ρ measured across the TD for each section of CNT10 microparts exhibited a similar 
trend as reported for their CNT5 counterparts. However, the ρ measured in the FD for the 
middle section was lower than that for the thick section. Results suggest that sufficient 
conductive pathways could be formed within PA6 matrix at a CNT loading fraction of 10 
wt%. The favored orientation of CNT along the FD tends to increase the probability of 
CNT-CNT contacts, thereby leading to an enhanced σ in the middle section when compared 
with that obtained from the thick section. Furthermore, Figures 5.16(c) and (d) reveal that 
the presence of very high shearing effect is unfavorable for the construction of conductive 
pathways within subsequent microparts because the thin section showed the highest ρ, 
regardless of CNT loading concentrations. 
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5.2.2.2.2 Morphology 
The morphology of extrudates obtained from masterbatch dilution process was examined 
using SEM and the results are given in Figure 5.17. The bright dots (i.e. the end of CNT) 
and the fibril-like structure underneath the polymer surface, which are pointed out by red 
arrows, indicate the presence of CNT. In addition, the mean distance between individually 
dispersed CNT decreases with an increase of CNT concentration, which is favorable for 
the formation of 3D conductive pathways. In general, CNTs were uniformly dispersed 
within the extrudates, regardless of CNT concentrations, which further confirmed that the 
masterbatch dilution process is an effective method to fabricate polymeric composites 
containing CNT. 
 
Figure 5.17 The morphology of cryo-fractured surface of diluted PA6/CNT extrudates: 
(A1-A3) 2 wt%, (B1-B3) 5 wt%, and (C1-C3) 10 wt%, respectively. 
The development of internal microstructure within each section of PA6/CNT microparts, 
and the effect of CNT concentration on the morphology of subsequent microparts were 
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evaluated using SEM as well. All samples for PA6/CNT microparts were fractured in liquid 
nitrogen across TD, i.e. perpendicular to the melt flow direction. Figure 5.18 shows that 
the microstructure of the thick section obtained from CNT5 microparts. Figures 5.18(a) 
and (b) were taken from the core layer of the thick section, whereas Figures 5.18(c) and (d) 
were taken from the shear layer which is close to the mold wall. Figures 5.18(a) and (c) 
suggest that CNTs are relatively uniformly distributed within the matrix since no obvious 
CNT aggregates were observed in either the core layer or shear layer. Interestingly, more 
bright dots could be observed in Figure 5.18(d) (shear layer) when compared with Figure 
5.18(b) (core layer), suggesting that CNTs are preferentially aligned in the flow direction, 
which could be attributed to the influence of higher shearing effect that prevails in the shear 
layer. This is consistent with our previous observations for PS/CNT microparts. As a result, 
this would increase the probability of CNT-CNT contacts along the FD, thereby leading to 
a reduction of ρ in the FD when compared with that across the TD. 
 
Figure 5.18 The morphology of thick section of CNT5 microparts taken from: (a, b) core 
layer; (c, d) shear layer. 
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Similarly, it could be deduced from Figures 5.19 and 5.20 that CNT achieved a relatively 
uniform distribution in both the middle and thin sections of CNT5 microparts, respectively. 
However, the number of detectable bright dots in corresponding layer of the middle (Figure 
5.19d) and thin (Figure 5.20d) sections seemed to be smaller than that observed for the 
thick section (Figure 5.18d). As a result, it could be expected that this would lead to a 
higher ρ for both the middle and thin sections of microparts, indicating that the shearing 
conditions existed in different sections of the microparts play a pivotal role in determining 
the microstructure. Previous simulation analysis (see Figure 5.12) indicated that there is a 
significant increase of maximum shear rates with a simultaneous reduction of the thickness 
of mold cavities. Therefore, it seems to be reasonable to attribute the development of 
microstructure in each section to the variation of shearing conditions. Li and Shimizu [236] 
reported that the CNT could achieve a better dispersion in a polymer matrix when they 
were processed at elevated shearing conditions. Chen and co-workers [286] also reported 
similar findings in CNT filled PVDF composites. However, Pegel et al. [276] pointed out 
that although higher shear rates could provide suitable CNT dispersion in a host polymer 
matrix, secondary agglomeration of CNT was also prevented which is thought to be 
detrimental to the enhancement of σ of corresponding composites. In addition, the length 
reduction of CNT during the melt processing, especially under severe shearing conditions, 
could be another concern which would significantly devalue the σ of subsequent products 
[287]. 
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Figure 5.19 The morphology of middle section of CNT5 microparts taken from: (a, b) core 
layer; (c, d) shear layer. 
 
Figure 5.20 The morphology of thin section of CNT5 microparts taken from: (a, b) core 
layer; (c, d) shear layer. 
104 
 
Figure 5.21 displays the microstructure of the thick section of CNT2 microparts. The CNTs 
were uniformly dispersed in each layer, as no obvious CNT agglomeration can be observed. 
Moreover, it is hard for the CNTs to form intact 3D conductive pathways within PA6 due 
to the low loading fraction (i.e. 2 wt%). In addition, Figure 5.22 illustrates the morphology 
of the thick section of CNT10 microparts. As shown in Figures 5.22(b) and (d), there is no 
significant difference in the quality of CNT dispersion in each layer of the thick section at 
such a high filler concentration. Furthermore, a conductive network could be easily 
observed with the CNT particles entangled with each other, which is advantageous to the 
enhancement of σ.  
 
Figure 5.21 The morphology of thick section of CNT2 microparts taken from: (a, b) core 
layer; (c, d) shear layer. 
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Figure 5.22 The morphology of thick section of CNT10 microparts taken from: (a, b) core 
layer; (c, d) shear layer. 
5.2.2.3 The electrical conductivity and morphology of PC/CNT 
microparts 
5.2.2.3.1 The effect of CNT concentrations on the electrical 
conductivity of PC/CNT microparts 
Figure 5.23 displays the volume σ of PC/CNT microparts at different CNT concentrations 
with respect to measurement directions, i.e. TD and FD, for the thick and middle sections, 
respectively. In general, the σ increases with CNT concentration in corresponding PC/CNT 
microparts. The average values of σ for microparts with lower CNT concentrations (< 7 
wt%) are not available because they are outside of the lower limit of the measurement scale 
for Keithley 6514 electrometer, indicating a higher filler concentration is required to attain 
sufficient conductive pathways within subsequent microparts. In contrast, Via et al. [288] 
reported that the pc for CIM PC/CNT macroparts is about 1.7 wt% (1.2 vol%). Moreover, 
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they reported that the σ reached 2.2×10-4 S/cm of PC/CNT 2 wt% macroparts [288] which 
is nearly 6 orders of magnitude higher than that obtained in µIM [101], indicating that the 
difference in shearing conditions plays a pivotal role in determining the microstructure of 
subsequent moldings. 
 
Figure 5.23 The σ of PC/CNT microparts with respect to the measurement directions as a 
function of filler content. PC-7 indicates PC/CNT 7 wt% composite. 
5.2.2.3.2 Morphology 
The morphology taken from different regions of the cross-section of both the thick and 
middle sections of PC/CNT 5 wt% (i.e. PC-5) microparts is illustrated in Figure 5.24. The 
sampling positions for SEM observations are pointed out by black arrows. Figure 5.24 
indicates that there is no significant difference in the state of dispersion of CNT in both the 
shear layer (i.e. images at the left side) and core layer (right side) of corresponding sections. 
However, more white dots (i.e. the ends of nanotubes) seem to be detectable in the shear 
layer of the middle section, indicating that the higher shearing effect which prevails in the 
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shear layer (as reflected by simulation analysis in the following section) contributes to the 
preferential orientation of CNT in the flow direction. 
 
Figure 5.24 SEM images of the cross section of PC-5 microparts. Black arrows indicate 
the sampling positions for SEM observations. 
5.2.2.3.3 Simulation (Moldflow) 
The distribution of maximum shear rates as a function of distance across the thickness of 
each section is given in Figure 5.25. One can easily note that the maximum shear rate 
occurs in the vicinity of skin layer of the microparts. Eken et al. [256] reported that 
increasing shear rate would facilitate the orientation of CNT along the FD. Consequently, 
there would be a higher possibility of CNT-CNT contacts along FD, which contributes to 
the enhancement of σ. Simultaneously, the construction of intact 3D conductive pathways 
across the TD would be, to a certain degree, impaired which is unfavorable for the free 
passage of electrons in TD [275]. Moreover, it should be noted that the μIM cycle is very 
short, which results in rapid freezing of the generated structure which has little chance of 
returning to a random orientation. In this scenario, the σ of microparts measured in the TD 
would be significantly affected due to a lack of sufficient conductive pathways. 
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Figure 5.25 The probe plot of maximum shear rates as a function of distance across the TD 
of each section of pure PC microparts. 
5.2.3 Differential scanning calorimetry (DSC) 
Since PA6 and PP are semi-crystalline polymers, the melting and crystallization behavior 
for CNT filled PA6 and PP composites and subsequent moldings was studied using DSC. 
5.2.3.1 Melting and crystallization behavior of PA6/CNT 
composites and subsequent moldings 
As per Section 4.5.4, the melting and crystallization behavior of PA6 and diluted PA6/CNT 
extrudates as well as each section of the microparts were determined using a differential 
scanning calorimeter (DSC, Q2000, TA Instruments). The measurement, which consists of 
a heating phase followed by a cooling phase, was carried out between 40 and 240°C at a 
heating rate of 10°C/min. The typical thermal analysis data obtained from the DSC heating 
and cooling processes were listed in Table 5.5. 
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Table 5.5 The melting temperature (Tm), crystallinity (χc), crystallization temperatures (Tc1, 
Tc2) and onset crystallization temperature (Tonset) of pure PA6, PA6/CNT extrudates and 
different sections of corresponding microparts. 
Samples 
Melting process Crystallization process 
Tm (oC) χc Tc1 (oC) Tc2 (oC) Tonset (oC) 
PA6 221.24 0.392 192.60 N/A 198.56 
PA6 Thick section 220.30 0.419 191.76 N/A 196.19 
PA6 Middle section 220.06 0.499 191.63 N/A 196.56 
PA6 Thin section 217.98 0.417 191.31 N/A 196.03 
CNT2 extrudate 220.99 0.301 194.25 206.19 215.92 
CNT5 extrudate 219.66 0.321 193.13 207.85 218.83 
CNT10 extrudate 221.53 0.335 196.00 209.35 218.66 
CNT5 Thick section 221.88 0.340 195.99 210.08 220.31 
CNT5 Middle section 217.66 0.342 193.15 208.67 219.25 
CNT5 Thin section 217.38 0.317 192.68 209.69 217.93 
CNT2 Middle section 217.10 0.369 193.69 206.54 214.94 
CNT10 Middle section 217.51 0.328 194.56 209.84 220.24 
Figures 5.26(a) and (b) display the DSC heating and cooling behavior, respectively, of pure 
PA6 and diluted PA6/CNT extrudates with various CNT fractions. Herein, CNT2 indicates 
the weight fraction of CNT in PA6 is 2 wt% and the same nomenclature applies to the other 
PA6 systems. It could be deduced from Figure 5.26 that the incorporation of CNT had little 
effect on the melting behavior of PA6. However, the crystallization process was greatly 
affected with the presence of CNT. For pure PA6, only a single crystallization peak (Tc1) 
was detected in the vicinity of 192oC. For PA6/CNT extrudates, as indicated in Figure 
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5.26(b) and Table 5.5, Tc1 shifted to higher values when compared with that obtained from 
pure PA6. The Tonset increased significantly upon the incorporation of CNT, indicating that 
CNT played a role of nucleating agent. In addition, a second crystallization temperature 
(Tc2) was observed at higher temperatures for CNT-containing PA6 composites, and its 
position gradually shifted to high temperature region with an incremental loading fraction 
of CNT, which suggested that the appearance of second crystallization peak in PA6 could 
be related to the presence of CNT. Similar observations have been reported by Logakis et 
al. [289] and Krause et al. [290]. The appearance of the double crystallization peak in 
PA6/CNT composites could be explained by the formation of two different types of crystal 
morphologies or two-step crystallization due to the presence of one-dimensional filler, i.e. 
CNT, which has been detailed by Logakis et al. [289]. In the first case, the CNT surface 
may induce the crystallite growth in a manner that is perpendicular to the CNT axis, which 
leads to the development of trans-crystalline structure [95]. However, the polymer chains 
tend to form spherulites in the regions which are far away from the nanotubes [289]. Thus, 
the co-existence of two different types of crystals could possibly contribute to the 
appearance of double crystallization peak. In the other case, it was proposed that the 
presence of double crystallization peak could be related to the two-step crystallization of 
polymer chains. The incorporation of fillers in a polymer matrix would greatly accelerate 
the crystallization process of polymer chains [26]. Phang et al. [291] proposed that both 
the very high aspect ratio of CNT and high crystallization temperature are favorable for the 
formation of thermodynamically stable α-phase crystals. Both mechanisms suggest that the 
appearance and the intensity of the second crystallization peak could be related to the 
number of the incorporated CNTs.  
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Figure 5.26 DSC (a) heating and (b) cooling curves obtained from pure PA6 and PA6/CNT 
extrudates with various filler concentrations. 
Thermal behavior of pure PA6 and sections taken from corresponding microparts is given 
in Figure 5.27. As displayed in Figure 5.27 and Table 5.5, the Tm, Tc1 and Tonset for each 
section of PA6 microparts decreased when compared with these values obtained from pure 
PA6. This could be attributed to the influence of thermomechanical history experienced by 
polymer melts in µIM which determines the microstructure during the injection molding 
process [292]. Kamal et al. [212] reported that a five-layer crystalline structure is observed 
in a POM micropart in comparison with commonly observed three-layer structure in CIM 
macroparts. Moreover, there would not be sufficient time allowed for polymer chains to 
form well-developed crystals during µIM due to the fast filling rate, large thermal gradients 
and short cycle times. Therefore, the slight downshift of Tm observed in sections of pure 
PA6 microparts (Table 5.5) indicates the existence of imperfections in resulting crystalline 
structures. However, a second melting peak (ca. 222.65oC) is noticeable for the middle 
section, suggesting that prevailing shearing conditions in the middle section might partially 
promote the formation of well-aligned structures. Table 5.5 reveals that although the Tm of 
different sections of PA6 microparts decreased when compared with that of pure PA6, a 
remarkable increase of χc was achieved for these sections. This could thus be attributed to 
the variation of shearing conditions in different sections of microparts. The higher shear 
rates facilitated the orientation of polymer chains along flow direction, leading to a higher 
112 
 
χc for sections that experienced relatively high shearing conditions. Moreover, the cooling 
effect becomes accentuated in different sections of PA6 microparts [193]. Under such 
circumstances, however, a relatively stable crystalline structure was hardly formed by the 
polymer chains, which in turn resulted in a reduction of Tm. Interestingly, the χc of thin 
section was comparable to that of thick section. However, the Tm of the thin section of pure 
PA6 micropart was at least 2oC lower than that of thick section. Therefore, it appears that 
a combination of extremely high shear rates and fast cooling rates in the thin section is 
unfavorable for the formation of perfect crystallites, which leads to a reduction of Tm. 
 
Figure 5.27 DSC (a) heating and (b) cooling curves obtained from pure PA6 and sections 
of pure PA6 microparts. 
Figure 5.28 displays the thermal behavior of pure PA6 and different sections taken from 
PA6/CNT 5 wt% (abbreviated as CNT5) microparts. As shown in Figure 5.28(a), only a 
marginal difference of Tm was recorded, suggesting that the µIM process had little effect 
on the melting behavior of the microparts. Like PA6/CNT extrudates (Figure 5.26b), the 
presence of CNT in each section of corresponding microparts had a significant effect on 
the crystallization behavior and a double crystallization peak was typically observed as 
well. Compared with CNT5 extrudate, a slightly higher Tc2 (Table 5.5) for each section of 
corresponding microparts might suggest a shear induced crystallization in µIM. However, 
the achieved χc for each section of CNT5 microparts was lower than that of corresponding 
sections of pure PA6 counterparts, suggesting that the presence of CNT might hinder the 
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formation of ordered crystalline structure or domains, which resulted from the limited 
space and confinement effect that imposed on the polymer chains by CNT, irrespective of 
the heterogeneous nucleation effect induced by the incorporated fillers. The other possible 
explanation could be associated with the fact that the pure PA6 which was adopted to dilute 
the masterbatch is different from the original PA6 pellets that used in the masterbatch 
production. Therefore, the co-existence of two different types of PA6 polymer chains or 
the possible degradation of PA6 chains arising from the high shearing conditions might be 
reflected in the crystallization process, thereby leading to a relatively lower χc for diluted 
samples such as PA6/CNT extrudates and sections of corresponding microparts, as given 
in Table 5.5. 
 
Figure 5.28 DSC (a) heating and (b) cooling curves obtained from pure PA6 and sections 
of CNT5 microparts. 
The effect of CNT concentration on the thermal behavior of middle section of microparts 
as compared with pure PA6 is shown in Figure 5.29. Except for the middle section of pure 
PA6 microparts, Figure 5.29(a) and Table 5.5 reveal that there was an approximately 4oC 
reduction of Tm for the middle section of all microparts, regardless of CNT concentrations. 
This behavior may be explained by the consideration that the decrease of Tm is associated 
with the formation of imperfect crystals. Moreover, there was a reduction of χc with an 
incremental loading fraction of CNT, indicating a steric hindrance effect. In addition, aside 
from CNT10 micropart, the χc for the microparts is invariably higher than that observed in 
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corresponding extrudates, which further supports the shear-induced crystallization effect 
in µIM. Thus, it could be concluded that the crystallization process is strongly influenced 
by the presence of CNT, while the employed molding conditions or thermomechanical 
history determines the microstructure of products. 
 
Figure 5.29 DSC (a) heating and (b) cooling curves obtained from pure PA6 and middle 
section of PA6/CNT microparts with various filler concentrations. 
5.2.3.2 Melting and crystallization behavior of PP/CNT composites 
and subsequent moldings 
As per Section 4.5.4, the melting and crystallization behavior of pure PP, diluted PP/CNT 
composites and each section of corresponding microparts was evaluated by a differential 
scanning calorimeter (Q200, TA Instruments). Figure 5.30 exhibits the thermal behavior 
of PP, PP/CNT blends and each section of subsequent microparts. For clarity, all displayed 
DSC curves were shifted vertically. Table 5.6 displays the characteristic data obtained from 
DSC heating and cooling curves. From Figures 5.30(a1) to (d1), there is a slight deviation 
of Tm for the PP/CNT blends when compared with that of pure PP, as displayed in Table 
5.6. For example, a shoulder peak is detected for the PP/CNT composites in the vicinity of 
160oC, which could be ascribed to the existence of small or imperfect α-crystals [293], as 
displayed in Figure 5.30(a1). Therefore, the addition of CNT might have an influence on 
the melting behavior of PP. Moreover, the Tc increased significantly upon the incorporation 
of CNT, as given in Figures 5.30(a2)-(d2). This is undoubtedly attributed to the 
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heterogeneous nucleation effect of CNT [266,294,295]. As given in Table 5.6, there is a 
noticeable increase (nearly 12oC) of Tc for the PP/CNT 1 wt% (i.e. PP-1) blend and each 
section of subsequent microparts. In addition, the Tc increased with an incremental loading 
fraction of CNT in PP, revealing that the crystallization process of PP was associated with 
the number of crystallization sites that provided by CNT, which is consistent with the 
results reported by Kazemi et al. [175]. It is also illustrated in Table 5.6 that the addition of 
CNT greatly affects the χc of PP, irrespective of the heating cycles (i.e. Cycle 1 and Cycle 
3). For example, increased χc is observed for PP/CNT composites with the addition of 1 
wt% CNT, which suggests that CNT could offer crystallization sites for PP, thereby leading 
to an increase of χc. However, further increasing CNT concentrations leads to a slight 
reduction of χc for subsequent blends. In this scenario, the presence of a large number of 
CNTs may hinder the formation of stable crystalline domains, resulting from the limited 
space and confinement effect that imposed on polymer chains by the incorporated fillers 
[34]. In addition, the χc for each section of subsequent microparts obtained from Cycle 3 is 
always higher than that of respective section in Cycle 1. This suggests that the 
thermomechanical history undergone in the compounding and μIM processes might affect 
the development of microstructure in subsequent moldings or the relaxation of the oriented 
structure during Cycle 1 may affect the crystallization of PP in Cycle 2. 
In general, the Tm (from Cycle 1) for each section of the PP microparts is slightly higher 
than their PP/CNT counterparts, which could be attributed to the flow-induced orientation 
of polymer chains. However, this effect vanishes in Cycle 3, confirming that the typical 
thermomechanical history experienced by polymer melts determines the microstructure of 
subsequent moldings. From Figures 5.30(a3) to (d3), it could be observed that the Tm for 
PP/CNT composites are slightly higher than that of pure PP, as displayed in Table 5.6. The 
results indicated that the incorporation of CNT may retard free motion of polymer chains 
during the melting process [296], thereby leading to an upshift of Tm to a higher 
temperature region. Additionally, the incorporated CNT plays a role of nucleation agent 
that accelerates the crystallization process of PP chains, which might, to some extent, 
facilitate the formation of stable PP crystals. Furthermore, the effect of thermomechanical 
history is also reflected in the melting behavior of PP/CNT microparts as there is a marked 
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difference between the 1st (Cycle 1) and 2nd (Cycle 3) heating processes, as displayed in 
Figures 5.30. 
 
Figure 5.30 DSC curves of pure PP and PP/CNT composites with various filler 
concentrations. (a1-a3) PP and PP/CNT blends; (b1-b3) thick section; (c1-c3) middle 
section; (d1-d3) thin section of corresponding microparts. Herein, from left to right: 1-1st 
heating cycle; 2-cooling cycle and 3-2nd heating cycle of the DSC measurements. 
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Table 5.6 Characteristic data obtained from DSC curves. Cycle 1-1st heating process, Cycle 
2-cooling process, and Cycle 3-2nd heating process. 
Designation 
Tm (oC) Tc (oC) χc 
Cycle 1 Cycle 3 Cycle 2 Cycle 1 Cycle 3 
PP 167.39 163.97 118.55 0.498 0.488 
PP Thick section 166.56 163.83 118.49 0.459 0.483 
PP Middle section 165.75 162.21 118.54 0.458 0.488 
PP Thin section 166.25 163.13 117.96 0.426 0.468 
PP-1 166.90 166.47 130.62 0.528 0.538 
PP-1 Thick section 166.36 166.19 130.39 0.458 0.524 
PP-1 Middle section 165.02 165.83 130.78 0.456 0.525 
PP-1 Thin section 165.47 165.87 130.49 0.457 0.515 
PP-5 166.52 166.46 132.31 0.504 0.521 
PP-5 Thick section 166.42 166.29 134.46 0.359 0.419 
PP-5 Middle section 165.32 165.71 134.65 0.352 0.421 
PP-5 Thin section 166.19 166.04 134.63 0.368 0.422 
PP-10 165.38 165.43 133.00 0.492 0.513 
PP-10 Thick section 164.95 166.00 132.82 0.444 0.503 
PP-10 Middle section 163.85 164.68 133.37 0.427 0.505 
PP-10 Thin section 166.54 165.15 133.05 0.413 0.487 
Results of Section 5.2.3.2 were taken from the journal International Polymer Processing, 
33(4), 514-524 (2018), by S. Zhou, A.N. Hrymak, Musa R. Kamal, © Carl Hanser Verlag 
GmbH & Co.KG, Muenchen. As per the permission obtained from the publisher. 
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5.2.4 Thermogravimetric analysis (TGA) 
5.2.4.1 Thermal stability of PC/CNT composites and subsequent 
moldings 
Figure 5.31 shows the weight loss and the first order derivative of weight loss thermograms 
as a function of temperature for pure PC, PC/CNT composites after melt mixing, and thick 
section of corresponding microparts. Representative thermal analysis data taken from these 
graphs for each sample are listed. The Td is the temperature at 5% weight loss, while the 
Tmax is taken from the peak value of each first-order derivative of weight loss thermograms. 
Results indicate that all samples decompose in a single step. The pure PC and PC thick 
section are quite stable until 450oC with no more than 1.5% weight loss, leaving 24.8% 
and 23.9% in residue at 800oC, respectively. In addition, Figure 5.31 shows that the Td and 
Tmax decrease when the concentration of CNT increases in PC. For example, significant 
reduction of both the Td and Tmax is observed for samples with only 1 wt% CNT when 
compared with those of pure PC. The char yield of PC at 800oC (i.e. R800) is simultaneously 
decreased with an increase of CNT concentration, as the CNT acted as inert fillers. This 
suggests that the thermal stability of PC/CNT composites and thick section of subsequent 
microparts deteriorates with the addition of CNT. Similar findings were reported by 
Schartel et al. [182] where they used the same CNT in a PC. On the one hand, the influence 
of melt processing such as possible reduction of molecular weight of PC [182,297,298] 
could be an influencing factor. Moreover, the residual catalyst used in nanotubes synthesis 
could be another factor [182]. However, Wang et al. [183] found that the addition of surface 
modified CNT could enhance the thermal stability of resultant PC/CNT composites, which 
was attributed to the improved dispersion of the surface functionalized CNT in PC and the 
barrier effect of interconnected CNT, thereby promoting the formation of a stable char 
layer during the pyrolysis process and improving thermal stability. Wu et al. [184] reported 
a slight improvement of the thermal stability of PC/CNT composites with an increase of 
CNT content prepared by melt mixing. They firstly treated the CNT with strong acid to 
graft carboxylic functional groups onto nanotubes, followed by further modification with 
cetyltrimethylammonium bromide (CTAB) under ultrasonication for 3h in tetrahydrofuran 
solution. Afterwards, the CTAB-modified CNT-containing PC masterbatch was prepared 
by solution mixing. The achieved masterbatch was then diluted with a pure PC by melt 
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blending in a Haake mixer. Thus, it appears that the surface functionalization of CNT or 
the intrinsic properties of CNT could significantly affect the thermal stability of PC. Aside 
from the influence of fillers, the processing conditions [177], testing conditions (with or 
without the presence of oxygen, heating rate of TGA, etc.) [178,179], molecular weight of 
PC [180] as well as the additives incorporated in host polymers such as thermal stabilizers 
[181] or compatibilizers will also play a significant role in determining the thermal stability 
of resultant composites. 
Furthermore, a parallel comparison was drawn with respect to the above thermal analysis 
data (i.e. Td, Tmax and R800) obtained from the PC/CNT composites and the thick section of 
corresponding microparts. A slight reduction of corresponding values was detected for the 
thick section of microparts when compared with pure PC or PC/CNT blends, suggesting 
that the typical thermomechanical history (extreme shear rates and high thermal gradients) 
present in µIM may have an influence on the chain structure of PC. For example, chain 
scission effect of PC has been reported after experiencing multiple melt processing 
processes [299] or higher shearing and elongational flow conditions [300]. 
120 
 
 
Figure 5.31 TGA graphs and derivative of weight loss thermograms of pure PC, PC/CNT 
blends and thick section of corresponding microparts. 
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5.2.4.2 Thermal stability of PP/CNT composites and subsequent 
moldings 
The thermal decomposition behavior for PP/CNT composites and the thick section of 
corresponding microparts as a function of temperature is depicted in Figure 5.32. The 
representative thermal analysis data of all samples (including the middle and thin sections 
of respective microparts) are listed in Table 5.7.  
 
Figure 5.32 TGA graphs of (a) PP/CNT composites; (b) the thick section of corresponding 
microparts. 
Figure 5.32 exhibits that there is only one decomposition stage during the heating process 
and both the Td and Tmax increase with the loading fraction of CNT (see Table 5.7). These 
results indicate that the thermal stability of diluted samples and corresponding microparts 
improves with the presence of CNT, which is consistent with previous studies [301,302]. 
The improved thermal stability of CNT-containing polymer composites is attributed to the 
intrinsically higher thermal stability of CNT when compared with PP and the barrier effect 
induced by the added fillers which could hinder the volatilization of PP segments during 
the monotonically heating process [303]. In addition, it has been reported that the activation 
energy of decomposition for PP/CNT composites is significantly enhanced with the 
presence of CNT [302]. For example, there is about 12oC increase for PP/CNT 1 wt% 
composite (CNT-1) when compared with pure PP with respect to Td, whereas shifts of over 
22oC to higher temperature regions are observed for CNT-5 and CNT-10, respectively. As 
discussed in Section 5.4.1.1, the loading of 1 wt% CNT is insufficient for the construction 
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of 3D conductive pathways within PP whereas 5 wt% loading of CNT is well above the pc. 
Therefore, both the addition of CNT and the formation of 3D interconnected pathways 
contribute to the enhancement of thermal stability of PP/CNT composites. 
Table 5.7 The TGA decomposition temperature (Td), the maximum decomposition 
temperature (Tmax) and char residue at 650
oC (R650) for pure PP, PP/CNT blends and each 
section of corresponding microparts. 
Sample ID Td (oC) Tmax (oC) R650 (%) 
Pure PP 415.1 457.0 ~0 
CNT-1 427.4 460.0 1.28 
CNT-5 437.1 464.7 5.70 
CNT-10 437.6 465.8 10.3 
PP Thick section 416.7 456.6 ~0 
CNT-1 Thick section 425.9 460.1 0.896 
CNT-5 Thick section 436.4 463.9 4.63 
CNT-10 Thick section 437.0 463.9 10.1 
PP Middle section 396.1 453.6 ~0 
CNT-1 Middle section 429.6 457.5 1.52 
CNT-5 Middle section 433.8 461.2 4.36 
CNT-10 Middle section 437.3 460.3 9.66 
PP Thin section 387.3 456.3 ~0 
CNT-1 Thin section 427.5 459.2 0.836 
CNT-5 Thin section 434.9 461.9 4.64 
CNT-10 Thin section 437.1 462.3 9.72 
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By comparing the values of Td, Tmax and R650 of diluted PP/CNT composites with the thick 
section of corresponding microparts, there is no significant difference between each 
characteristic value. However, a general trend is that a slight decrease of Td or Tmax is 
recorded for the thick section of microparts when compared with their PP/CNT 
counterparts. This might be explained by traces of smaller molecular fragments of PP 
chains that induced by the two-stage melt processing methods, i.e. melt dilution and 
subsequent µIM. Similarly, the middle and thin sections taken from the microparts showed 
one step decomposition process (not shown). However, there was a significant decrease of 
Td for the middle and thin sections of PP microparts when compared with that of PP and 
their thick section counterpart, whereas the difference for Tmax among these samples does 
not vary substantially, hinting that more and shorter fragments of PP chains might be 
yielded with increasing shearing intensity along the melt flow direction. In addition, the Td 
and Tmax for the middle and thin sections of PP/CNT microparts exhibited the same trend 
as that observed for PP/CNT blends and the thick section of corresponding microparts with 
an incremental loading fraction of CNT, which is attributed to the influence of CNT, as 
elaborated previously. 
Results of Section 5.2.4.2 were taken from the journal International Polymer Processing, 
33(4), 514-524 (2018), by S. Zhou, A.N. Hrymak, Musa R. Kamal, © Carl Hanser Verlag 
GmbH & Co.KG, Muenchen. As per the permission obtained from the publisher. 
5.2.5 Raman analysis 
5.2.5.1 Raman analysis for PS/CNT microparts 
The Raman spectroscopy technique is an effective method to investigate the orientation of 
CNT within the polymeric composites and the position of Raman peak is typical of certain 
chemical groups [12]. The Raman spectra for different sections of the injection molded 
PS/CNT microparts are illustrated in Figure 5.33. According to references [304,305], the 
characteristic peaks observed in the vicinity of 1000 cm-1 can be attributed to the vibration 
of phenyl groups or macromolecular chains of PS.  
As shown in Figure 5.33, the distinct peaks observed in the vicinity of 1330 cm-1 and 1600 
cm-1 are attributed to the D band (disordered band) and G band (graphite band or tangential 
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band) of CNT, respectively. Abbasi et al. [12] proposed that the differences between the 
intensities of characteristic CNT peaks are helpful to study the CNT orientation within the 
polymer matrices. Therefore, the intensity ratios of the DFD/DTD and GFD/GTD (i.e. 
parallel/perpendicular to the flow direction) were analyzed to evaluate the degree of CNT 
orientation within the polymer matrix. All measurements were conducted under the same 
conditions, as Raman shifts of the CNT bands can be affected by external factors such as 
temperature, pressure, and excitation wavelength [306] as well as the intensity of laser 
power. The ratios of DFD/DTD and GFD/GTD as per sections are summarized in Table 5.8. It 
is noticeable that the resultant values of DFD/DTD and GFD/GTD for the microparts have a 
deviation from the unity which is indicative of the orientation of CNT along flow direction 
[12,307]. The corresponding values for the middle section of the microparts are higher than 
those of the thick section, suggesting that a higher degree of CNT orientation is present in 
the middle section with the step decrease of the thickness of the injection molded part. This 
is ascribed to the higher shearing effect that is rendered in middle section. 
 
Figure 5.33 Raman spectra of (a) thick and (b) middle sections of microinjection molded 
PS/CNT 5 wt% composites with respect to flow direction. 
Typically, the D/G ratio is used as a useful analytical tool for reflecting the degree of 
perfection of CNT or the crystallinity in the nanotubes structure [12]. Endo and co-workers 
[308] proposed that a constant value of D/G in both parallel and perpendicular geometry is 
a sign that no structural change is present in CNT. Therefore, the value of (D/G)FD/(D/G)TD 
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was applied to check the changes of perfection or crystalline structure of CNT [12]. It can 
thus be deduced from Table 5.8 that the ratios of both the thick and middle sections of the 
microparts showed mild deviation from unity, indicating that the structure of CNT was 
slightly changed and a shortening effect of CNT [309] might have occurred due to the high 
shearing conditions in µIM process. 
Table 5.8 Raman intensity ratios of parallel/perpendicular to the flow direction of PS/CNT 
5 wt% microparts with respect to investigated sections. 
Designation DFD/DTD GFD/GTD (D/G)FD/(D/G)TD 
Thick section 1.27 1.51 0.842 
Middle section 1.37 1.63 0.844 
5.2.5.2 Raman analysis for PC/CNT microparts 
Raman analysis is a non-destructive spectroscopy technique, which depends on inelastic 
scattering of incident visible or infrared light by molecules, and the position of Raman 
peaks is characteristic of certain chemical groups or structures [310]. For example, Dybal 
et al. [311] and Litchfield and Baird [312] studied the conformational change or orientation 
of polymer chains in PC and poly(ethylene terephthalate) (PET), respectively, with the help 
of Raman spectroscopy. In addition, this technique has been proposed to determine the 
diameter of nanotubes (for example, SWCNT), the structural properties and the orientation 
of nanotubes in polymer composites [12,310,313] 
The representative Raman spectra of the thick section of pure PC and PC/CNT 5 wt% (PC-
5) microparts are depicted in Figure 5.34. Figure 5.34(a) reveals that pure PC shows 
multiple peaks and the assignment of the position of Raman peaks is elaborated in literature 
[314]. In addition, Figure 5.34(b) indicates that CNT shows resonance-enhanced Raman 
scattering effects [310] and the multiple Raman peaks of unfilled PC almost vanish upon 
the incorporation of CNT. Given the large differences in peak intensities between CNT and 
those arising from pure PC, the Raman spectroscopy seems to be an ideal characterization 
technique for the orientation of nanotubes. According to Brown et al. [315], the prominent 
peak of CNT designating as the D-band, which is observed between 1250 and 1450 cm-1 
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is attributed to the presence of disorders or defects in the carbon structures, as revealed in 
Figure 5.34(b). The authors also reported that there is a dependence of D-band frequency 
(i.e. Raman shift) of SWCNT on the energy of applied excitation laser light (E). To put it 
simply, the higher the E, the higher the peak frequency of D-band. The peak (tangential 
band or G-band), which centers in the vicinity of 1600 cm-1, is ascribed to the existence of 
graphitic or crystalline structure in the carbon materials [12,313]. The G' band (2700 cm-1) 
is the second-order overtone of the D-band which is attributed to strong coupling between 
the phonons and electrons [316]. Furthermore, the peaks observed beyond 2800 cm-1 in 
Figure 5.34(b) might be attributed to the influence of polymer matrix, PC, since some 
characteristic peaks are reflected in the spectroscopy of pure PC, as displayed in Figure 
5.34(a). Therefore, Raman spectroscopy has been utilized to study the properties of various 
carbon structures [179] and carbon filler loaded polymer composites  [310] as well as the 
orientation or perfection of CNT in bundles or polymer composites [313,314,317]. 
 
Figure 5.34 Raman spectra of the thick section of (a) pure PC and (b) PC-5 microparts, 
respectively. TD-perpendicular to predominant flow direction. 
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The Raman spectra of thick and middle sections regarding the measurement directions of 
PC-5 microparts are depicted in Figure 5.35(A). It is obvious that all samples followed a 
similar pattern in the obtained spectrum, signifying that CNT exhibited dominating Raman 
scattering effects. Interestingly, the response of the peak which is observed near 3100 cm-
1 is stronger along the FD when compared with that observed across the TD, independent 
of targeted sections. According to Goyal et al. [314], the peak detected at 3075 cm-1 (P3075) 
of the PC is attributed to the vibrations of C-H stretching. Therefore, these differences in 
peak intensity of P3075 in PC-5 microparts with respect to sampling directions might suggest 
a flow-induced alignment of polymer chains in µIM. However, such differences seem to 
be diminished with an increase of CNT loading concentrations, as given in Figure 5.35(B). 
This is undoubtedly attributed to the strong resonance-enhanced scattering effect of CNT. 
Furthermore, the nanotubes might interfere with or disrupt the orientation of PC chains 
along the flow direction. Thus, the response of PC from Raman spectra diminishes with 
the increasing loading fraction of nanotubes. 
 
Figure 5.35 Raman spectra of (A) the thick and middle sections of PC-5 micropart; (B) the 
thick section of PC/CNT microparts with various filler concentrations as per measurement 
directions. FD-parallel to the predominant flow direction. 
The integrated intensity ratio of the D-band and G-band, ID/IG, has been used as a measure 
to study the degree of CNT orientation [317] or the perfection of CNT [318]. For example, 
a smaller value of ID/IG ratio is indicative of a higher degree of CNT alignment
 [317] or 
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more perfection in CNT structures [318]. Therefore, the values of ID/IG as per measuring 
directions, i.e. TD and FD, of each sample are given in Table 5.9. In addition, a constant 
value of ID/IG in both parallel and perpendicular geometry is proposed as a sign that no or 
insignificant structural change is present in CNT [12]. Therefore, the parameter of 
(ID/IG)TD/(ID/IG)FD was applied to determine the possible structural changes or perfection 
of CNT [12]. Moreover, it has been reported that the value of ID/IG is proportional to the 
crystallite size, La, of nanographite [319]. A general formula (see below) which is proposed 
for the determination of La for nanographitic materials could, therefore, be used to calculate 
the La in nanotubes [316] and corresponding values are also listed in Table 5.9.  
 
where the laser excitation energy E of the incident light (514 nm) is 2.41 eV [316]. 
The results reported in Table 5.9 are an average of three measurements, although there is 
no obvious statistical difference with respect to measurement directions of each section or 
between each section of microparts. Table 5.9 shows that the calculated value of ID/IG ratio 
for each sample measured along the FD is invariably lower than that obtained in the TD, 
suggesting a preferential alignment of CNT along the flow direction arising from very high 
shearing and extensional effects in µIM. In addition, it increases simultaneously with an 
incremental loading fraction of CNT, indicating that the degree of CNT orientation 
becomes less severe, despite the measurement directions. The tentative explanations for 
this phenomenon could be: on the one hand, the state of CNT distribution is not favored at 
higher CNT concentrations due to the steric hindrance effect that is exerted by adjacent 
CNTs; on the other hand, the presence of CNT aggregates could not be precluded even if 
the dispersion of CNT is improved after µIM. Although very high shearing and extensional 
force fields prevail in µIM, the probability of forming a more perfect or higher degree of 
CNT orientation along the flow direction could, to a certain extent, be impaired. Moreover, 
the intensity ratio of ID/IG across the TD for the middle section of PC-5 microparts is 
slightly higher than that of thick section counterpart, indicating more defects could be 
detected in the middle section. This might be attributed to a slightly structural change of 
CNT in the middle section arising from more severe shearing conditions. For example, a 
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length reduction of CNT has been observed in samples prepared by μIM (see following 
section). Furthermore, the value of (ID/IG)TD/(ID/IG)FD for each sample showed a mild 
deviation from unity, indicating that the structural change of CNT was insignificant [12] 
and a possible shortening effect of CNT might have occurred due to the very high shearing 
conditions in µIM process. Moreover, there is also a general downward trend of the Raman 
shifts for both the D-band and G-band of PC/CNT microparts with an increase of filler 
concentration, as shown in Table 5.9, which might be ascribed to increased interactions 
between adjacent CNTs. 
Table 5.9 The peak positions of the D-band and G-band, the intensity ratios between the 
D-band and G-band (ID/IG), and the crystallite size (La) in CNT of the PC/CNT microparts 
with respect to CNT concentrations and measurement directions, respectively. 
Samples 
Peak position (cm-1) 
ID/IG (ID/IG)TD/(ID/IG)FD La (nm) 
D-band G-band 
PC-1 thick section 
TD 1353 1597 1.022 
1.116 
16.24 
FD 1352 1598 0.916  18.12 
PC-5 thick section 
TD 1351 1595 1.102 
1.012 
15.06 
FD 1352 1596 1.089 15.24 
PC-5 middle section 
TD 1351 1595 1.142 
1.049 
14.54 
FD 1351 1596 1.089 15.24 
PC-10 thick section 
TD 1351 1594 1.124 
1.010 
14.77 
FD 1351 1595 1.113 14.92 
5.2.6 Dissolving experiments and TEM 
To qualitatively observe the dispersion of CNT in PA6/CNT 20 wt% masterbatch, diluted 
composites and corresponding microparts, the dissolving experiments were carried out 
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with respect to each sample. The observation of dissolved samples in formic acid for 
PA6/CNT samples is presented in Figure 5.36.  
Figure 5.36 shows that solutions of CNT5 extrudates and sections taken from subsequent 
microparts appear as homogeneous black solutions, indicating relatively homogeneous 
distribution of individual nanotubes or very small CNT aggregates [251]. However, a black 
sediment coupling with nearly transparent solution is visible for PA6/CNT masterbatch 
(sample 1), corresponding to the existence of remnants of CNT agglomerates. Therefore, 
the dispersion of CNT is improved after melt dilution and subsequent µIM processes. 
 
Figure 5.36 Digital photos of PA6/CNT/formic acid solutions after 2 months: 1. PA6/CNT 
20 wt% masterbatch; 2. CNT5 extrudate; from 3 to 5 are the thick, middle and thin sections 
of CNT5 microparts, respectively. 
Characterization of the nanostructure of CNT in respective samples was carried out by 
TEM. The CNTs have a hollow structure, which can be clearly observed in Figures 5.37(c), 
(d) and (f). The measured diameter of CNT ranges from 5 to 10 nm, which is consistent 
with the technical data provided by manufacturer. However, Figure 5.37(f) indicated that 
the length of CNT is significantly reduced when compared with their original length (over 
10 µm) [289], suggesting that the melt blending and subsequent molding processes have a 
significant effect on the length reduction of CNT. Although the CNT5 extrudate has a 
homogeneous dispersion in formic acid (Figure 5.36, sample 2), Figures 5.37(a) and (b) 
suggest the presence of small size CNT bundles, implying that the CNT agglomerates that 
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existed in the original masterbatch could be significantly reduced after subjecting to melt 
dilution process. Figures 5.37(c) and (d) reveal that there is a thin layer of PA6 matrix 
surrounding individual CNT, which suggests a good interfacial interaction between CNT 
and the host polymer. Thus, the adhesion of a thin layer of PA6 to the CNT explained well 
dispersion of corresponding materials in the formic acid solution.  
 
Figure 5.37 TEM images of (a, b) extruded CNT5, (c, d) CNT5 thick section and (e, f) 
CNT5 middle section. 
5.2.7 Summary 
In summary, a series of polymer/CNT composites were prepared via masterbatch dilution. 
Nanocomposite preparation was followed by compression molding or µIM processes. The 
three-stepped microparts were sectioned at transition regions to facilitate characterization 
and the volume electrical conductivity measurement was conducted with respect to the melt 
flow direction, which are along the flow direction (FD) and perpendicular to the flow 
direction (TD), respectively. The comparison of electrical conductivity values suggested a 
preferential alignment of CNT along the flow direction, which could be further confirmed 
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by Raman analysis. The selection of host polymer matrices had an influence on the 
development of microstructure in subsequent microparts, which was corroborated by SEM 
observations. For example, microparts molded from PP/CNT 10 wt% composites exhibited 
the highest electrical conductivity when compared with that of PC/CNT, PS/CNT and 
PA6/CNT counterparts. The presence of CNT agglomerates in PP is thought to be crucial 
to the enhancement of electrical conductivity, regardless of measurement directions. The 
melting and crystallization behavior of PA6/CNT and PP/CNT composites and each 
section of subsequent microparts was characterized by DSC. Results from PA6/CNT 
samples indicated that the addition of CNT had little influence on the melting behavior of 
PA6/CNT composites and subsequent microparts. However, the crystallization behavior of 
nanotubes-containing samples was significantly altered with the appearance of a double 
crystallization peak. Based on the DSC data from PP/CNT samples, the incorporation of 
CNT and typical thermomechanical history experienced by the polymer melts during 
different molding processes had an influence on the melting and crystallization behavior 
of resultant samples. The thermal stability of PC/CNT and PP/CNT composites and 
subsequent microparts were characterized using TGA. The thermal stability of PC/CNT 
composites and thick section of corresponding microparts deteriorated upon the addition 
of CNT, which was attributed to the influence of surface or intrinsic properties of CNT. In 
the case of PP-related moldings, both the incorporation of CNT and the formation of 3D 
interconnected pathways contributed to the enhancement of thermal stability of PP/CNT 
composites and subsequent moldings. In addition, the dispersion of CNT improved in PA6 
after melt blending and subsequent μIM. The thermomechanical history experienced by 
polymer melts in µIM might have a chain scission effect on polymer chains and shortening 
effect on the incorporated CNT due to the prevailing high shearing and extensional force 
fields. 
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5.3 The influence of selective localization of CNT by 
adopting immiscible polymer blend as host matrix 
The morphological, thermal and electrical properties of microinjection molded CNT filled 
PLA and PLA/PBSA immiscible blend were studied systematically. The PLA/PBSA/CNT 
immiscible blends were prepared by melt blending of PLA, PBSA and CNT in a Brabender 
batch mixer. Four different types of compounding procedure were employed to study the 
influence of compounding sequence of various components on the electrical conductivity 
of subsequent microparts. Results revealed that regardless of the compounding sequence, 
the electrical conductivity of PLA/PBSA/CNT microparts is always higher than that of 
CNT filled mono-PLA counterparts and the selective localization of CNT in PBSA is 
thought to be the contributing factor. Furthermore, the prevailing high shearing conditions 
in µIM could lead to the coalescence of CNT-enriched PBSA domains, thereby favoring 
the formation of conductive pathways along the melt flow direction, as confirmed by SEM 
observations. The χc of PLA/PBSA immiscible blends is higher than that of mono-PLA 
system and a further increase of χc after µIM suggested flow-induced crystallization. 
Moreover, TGA analysis suggested that the prevailing high shear rates in µIM might have 
a chain scission effect on PLA and PBSA. 
5.3.1 Morphology 
The very high shearing conditions in μIM can affect the development of microstructure in 
subsequent moldings. Therefore, the morphology of both the shear and core layers of the 
thick and middle sections of PLA/CNT microparts is displayed in Figure 5.38. Figure 5.38 
indicates that despite the existence of individually dispersed CNT agglomerates in both 
layers, CNT achieves a relatively uniform distribution in both the shear and core layers of 
the microparts. In addition, several fibril-like structures which are likely to be designated 
as the dispersed individual CNT are observed in the shear layer of the thick section, as 
displayed in Figure 5.38(f). The fibrillar CNT could function as a ‘bridge’ which spans 
between individual CNTs and discretely dispersed CNT agglomerates, thereby facilitating 
the enhancement of σ. Thus, the development of such microstructure could be attributed to 
the influence of strong shearing conditions that prevail in the shear layer of subsequent 
moldings. For example, Abbasi et al. [12] reported that the effective shear rate in µIM is 
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several orders of magnitude higher than that present in CIM and compression molding. In 
addition, the existing shearing effect in the shear layer is significantly higher than that in 
the core layer of corresponding microparts, which may possibly lead to the appearance of 
fibril-like structure in the shear layer when compared with that of the core layer. 
 
Figure 5.38 SEM images of the thick and middle sections of PLA/CNT 5 wt% microparts 
taken from the core and shear layers, respectively. 
The microstructure for each layer of the thick and middle sections of PLA/PBSA/CNT 
microparts molded from Sample 3 is given in Figure 5.39. According to Ojijo et al. [320], 
and Eslami and Kamal [321], PBSA was primarily distributed in a droplet form in the PLA 
matrix when blended in a mass ratio of 70/30 (PLA/PBSA). The morphology taken from 
the thick section reveals that CNT was not uniformly distributed in the host matrix, i.e. 
PLA/PBSA blend. The CNT was mainly dispersed in the PBSA domains, which leads to 
the presence of discretely distributed CNT aggregates in the core layer of thick section. 
Moreover, a typical layer of CNT aggregates could be observed in the shear layer of thick 
section, as displayed in Figure 5.39(f). This could be ascribed to the influence of higher 
shearing effect that prevails in the shear layer when compared with that of core region. For 
example, Jiang et al. [13] reported that shear rates as high as 106/s are not rare in µIM. 
Although Nofar et al. [322] proposed that the selective localization of nano-fillers could 
effectively prevent the droplet coalescence of dispersed phase under steady shear, very low 
shear rates (0.01 and 0.05/s) were involved in their study. Moreover, they found that the 
dispersed droplets could be further stretched and elongated along the shearing direction 
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when the shear rate is increased to 0.05/s. Therefore, the prevailing high shear rates in µIM 
might overcome the barrier effect between dispersed PBSA droplets and the coalescence 
of CNT-containing PBSA domains leads to the formation of CNT-enriched layer in the 
shear layer. As a result, both the existence of CNT aggregates and CNT-enriched layer in 
the shear layer favor the construction of conductive pathways, resulting in a higher σ of 
subsequent moldings along the melt flow direction.  
 
Figure 5.39 SEM images of the thick and middle sections of Sample 3 microparts taken 
from the core and shear layers, respectively. 
5.3.2 Differential scanning calorimetry (DSC) 
As per Section 4.5.4, the melting and crystallization behavior of PLA/PBSA blend and 
CNT loaded polymer composites as well as sections taken from subsequent microparts was 
analyzed using DSC. The DSC heating traces of each sample are shown in Figures 5.40(a) 
and (b), respectively. As displayed in Figure 5.40(a), PBSA and PBSA/CNT blends have 
identical melting behavior, and both exhibit multiple melting endotherms. According to 
Ray et al. [323], the appearance of multiple melting peaks for PBSA and filler-containing 
PBSA blends was associated with the melting, re-crystallization and re-melting 
phenomenon. Simply put, the first step is the melting and re-crystallization of low melting 
crystallites, which are more susceptible to heat. Afterwards, the re-melting of as-developed 
crystallites during the DSC heating scans contributes to the melting peaks at higher 
temperatures.  
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Figure 5.40 DSC curves of the 1st heating process of each sample. 
The characteristic thermal analysis data, which were obtained from PLA-related heating 
curves, are tabulated in Table 5.10. Figure 5.40(a) indicates that a main melting peak which 
centers in the vicinity of 170oC is typically observed for all samples, is associated with the 
melting of PLA crystallites. However, a shoulder peak which was located at around 165oC 
for PLA pellet could be related to the possible presence of imperfect crystals. Interestingly, 
the shoulder peak disappeared for PLA blend after melt blending of original PLA pellets 
and a broad melting peak region which spans a range of 167-170oC was detected, 
suggesting that the melt processing might facilitate the crystallization of PLA chains. 
Consequently, the χc of subsequent melt processed PLA was slightly higher than that of the 
original PLA pellets. However, an enthalpy relaxation peak (62oC, associated with Tg) [14] 
and a typical cold crystallization exothermal peak (ca. 100oC) were observed in the melting 
behavior of the thick section of PLA microparts, indicating that the thermomechanical 
history experienced by the polymer melts has a significant effect on the microstructure of 
subsequent moldings. As very high cooling rates are typically involved in µIM, there would 
not be enough time for polymeric chains to form ordered or perfect crystals during the 
molding process. The constant heating rate during DSC measurements may promote the 
mobility and re-organization of polymer chains, thereby leading to the appearance of cold 
crystallization process. Thus, the cold crystallization peak in turn reflects the capability of 
polymer chains to mobilize or re-arrange themselves into ordered crystals. Additionally, a 
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small exothermic peak at 155.5oC which translates the crystal phase transition behavior is 
attributed to the phase transition from less thermally stable ά form crystals to the standard 
α-form crystals [324]. For PLA/CNT blends, Tg, Tcc and Tm shifted to higher temperatures 
when compared with those of other samples, as revealed by Figure 5.40(a) and Table 5.10. 
In such a case, it could be conjectured that the presence of large numbers of CNT particles 
could restrict the free motion of polymer chains. Therefore, more energy is required for 
polymer chains to overcome the steric hindrance that is imposed by the incorporated CNTs. 
Furthermore, the thick section of PLA/CNT microparts showed a similar melting behavior 
as that observed for PLA thick section. However, a shift of corresponding thermal analysis 
data such as Tg, Tcc and Tm to lower temperatures of thick section of PLA/CNT microparts 
might be indicative of a slight degradation effect on the polymer chains after melt blending 
and µIM processes. Moreover, the increased χc for the thick section of PLA microparts and 
PLA/CNT microparts suggests flow-induced crystallization in µIM. 
Table 5.10 The characteristic data obtained from the DSC heating curves of PLA and 
PLA/CNT blends as well as thick section of corresponding microparts. 
Sample Tg (oC) Tcc (oC) Tm (oC) ∆Hm (J/g) χc (%) 
PLA 63.61 N/A 169.84 49.22 52.5 
PLA Blend 61.34 N/A 167-170 49.75 53.1 
PLA Thick 61.60 101.32 169.85 10.14 10.8 
PLA/CNT Blend 63.32 108.47 172.07 4.1 4.6 
PLA/CNT Thick 60.01 97.95 168.25 10.8 12.1 
Figure 5.40(b) displays the DSC heating curves of unfilled PLA/PBSA, PLA/PBSA/CNT 
immiscible blends and the thick section of corresponding microparts. In combination with 
Figure 5.40(a), it could be deduced from Figure 5.40(b) that the small endothermic peak 
which was observed in the vicinity of 60oC could be ascribed to the melting of less stable 
PBSA crystals and glass transition of PLA polymer chains. In addition, the melting peaks 
which are located at about 94oC and 168oC are the main melting peaks of PBSA and PLA, 
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respectively. Figure 5.40(b) shows that the cold crystallization process of PLA component 
in the PLA/PBSA, PLA/PBSA/CNT blends and thick section of corresponding microparts 
was negligible, which was contradictory to the results reported by Lee and Lee [325]. The 
authors found that the addition of PBSA could promote the cold crystallization process of 
PLA and they proposed that the PBSA could be treated as an efficient plasticizer of PLA. 
However, Liu et al. [14] found that µIM has a suppression effect on the cold crystallization 
process of PLA. In addition, the χc of PLA/PBSA immiscible blends is invariably higher 
than that of PLA microparts and PLA/CNT blends, as depicted in Tables 5.10 and 5.11. 
Herein, the absence of cold crystallization behavior of PLA in the immiscible blends might 
be ascribed to the overlap of the melting endotherm for PBSA and the re-crystallization 
exotherm for PLA. However, further investigations into the microstructure of subsequent 
moldings might be helpful to elucidate this phenomenon. Furthermore, in comparison with 
the PLA/PBSA and PLA/PBSA/CNT immiscible blends, the enhanced χc for thick section 
of corresponding microparts further confirmed the flow-induced crystallization of PLA in 
µIM. 
Table 5.11 The melting enthalpy (∆Hm) and χc of PLA component in PLA/PBSA blend, 
PLA/PBSA/CNT blend and thick section of corresponding microparts. 
Sample ∆Hm (J/g) χc (%) 
PLA/PBSA Blend 28.63 43.6 
PLA/PBSA Thick 29.75 45.4 
Sample 3 25.98 41.7 
Sample 3 Thick 29.08 46.7 
5.3.3 Thermogravimetric analysis (TGA) 
Figure 5.41(a) indicates that pure PLA undergoes a one-step decomposition process and 
the thermal stability of PLA remains unchanged after melt blending, as revealed by their 
similar thermal decomposition behavior of original PLA pellets and PLA blends. However, 
thermal decomposition of the thick section of PLA microparts and corresponding Tmax (i.e. 
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the peak value of derivative weight loss thermograms) shifted to lower temperature regions 
when compared with those of original PLA pellets and PLA blends, indicating that the 
prevailing higher shearing effect in µIM has a chain scission effect on PLA matrix [195]. 
Similarly, such effects could be observed in the Figures 5.41(b)-(d). Furthermore, Figure 
5.41(b) reveals that the thick section of PBSA/CNT microparts demonstrated a two-step 
decomposition behavior which could be treated as an evidence that the prevailing shearing 
conditions in µIM also have a shortening effect on PBSA chains. Therefore, the fragments 
with lower molecular weights degrade first at a relatively lower temperature which is about 
320oC. Figure 5.41(c) reveals that the PLA/PBSA blends and thick section of 
corresponding microparts experienced a two-step decomposition behavior which was 
mainly ascribed to the fact that two different polymer components are involved during the 
thermal decomposition process. The occurrence of a two-stage degradation process is 
characteristic of the thermal degradation of a binary immiscible system [26]. Regarding the 
derivative weight loss thermograms (DTG), the peak which centers in the vicinity of 360oC 
is associated with the degradation of PLA, whereas the peak around 400oC corresponds to 
the degradation of PBSA. Figure 5.41(d) shows that although the maximum degradation 
temperature does not deviate significantly among PLA, PLA/CNT composite and the thick 
section of PLA/CNT microparts, the degradation of PLA/CNT composite and thick section 
of corresponding microparts deteriorated when compared with pure PLA, suggesting that 
the incorporation of CNT and the different thermomechanical history of corresponding 
polymer blends, which was reflected in the thermal degradation process, play an important 
role in determining the microstructure. Moreover, according to Table 5.10, the differences 
in χc of the three different polymer systems could be a contributing factor. Figure 5.41(e) 
shows the decomposition behavior of Sample 3 and the thick section of corresponding 
microparts. Results indicate that all samples decompose in a two-stage process and the Tmax 
is about 10oC lower than that of PLA/PBSA immiscible blend. Despite the immiscibility 
of components of PLA and PBSA, a tentative explanation for this phenomenon is that the 
higher thermal conductivity of CNT-containing polymer composites [32] may facilitate 
heat conduction into internal regions of PLA/PBSA/CNT composites, and therefore, 
thermal degradation could occur simultaneously inside and outside of the composites [34]. 
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Figure 5.41 TGA and DTG curves of (a) PLA, (b) PBSA and PBSA/CNT, (c) PLA/PBSA, 
(d) PLA/CNT and (e) Sample 3 as well as the thick section of corresponding microparts. 
5.3.4 Electrical conductivity 
The values of σ for each section of corresponding microparts are plotted as a function of 
measurement directions in Figure 5.42. Figure 5.42(a) shows that the FD σ is invariably 
higher than the TD σ with respect to each section of microparts. It is indicative of a role 
for orientation of CNT along the flow direction. Moreover, regardless of the compounding 
procedure, the σ of CNT filled PLA/PBSA systems is invariably superior to that of mono-
PLA system when compared with respective sections in the same measurement direction, 
which could be attributed to the more effectively construction of conductive network by 
the dispersed CNT. It is thus suggested that the presence of the second polymer matrix, i.e. 
PBSA, could alter the distribution of CNT in subsequent blends. For example, Zhou et al. 
reported that the selective localization of flake graphite in PA6 phase is essential to the 
enhancement of thermal conductivity of PA6/PC [26] and PA6/PP [162] immiscible blends 
when compared with that of mono-PA6 system. Moreover, the TD σ for the thin section 
follows a similar trend as that observed for the thick and middle sections of microparts, 
which is displayed in Figure 5.42(b). Although there is no significant difference of σ value 
between each section of PLA/PBSA/CNT microparts at a specific measurement direction, 
the average values of σ for Sample 3 are the highest when compared with respective 
sections taken from the microparts molded from the other PLA/PBSA/CNT immiscible 
blends and PLA/CNT composites. Therefore, the results indicated that the compounding 
sequence of various components during the preparation of PLA/PBSA/CNT immiscible 
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blends might influence the distribution of CNT, thereby affecting the σ for different 
sections of resulting microparts. 
 
Figure 5.42 (a) The σ of the thick and middle sections of PLA/CNT and PLA/PBSA/CNT 
microparts with respect to the measurement directions; (b) the TD σ for the thin section of 
each sample. The concentration of CNT in all samples is 5 wt%. 
Tu et al. [326] reported that selective localization of fillers in immiscible polymer blends 
is primarily dominated by the interfacial interactions with the polymer components and 
thermodynamic driving forces. According to Young’s equation, the selective localization 
of filler in a ternary system could be evaluated by estimating the wetting coefficient, . 
The wa could be calculated as follows: 
 
where  and  are the interfacial energy between the filler and component A, and 
the filler and component B, respectively.  is the interfacial energy between component 
A and component B. If  is higher than 1, the filler is distributed in phase A. If wa is 
lower than -1, the filler will be mostly located in phase B. Otherwise, the filler is 
preferentially located at the interface of the two polymer components [327]. Based on the 
geometric-mean equation [328], the interfacial energy between two components could be 
calculated as follows: 
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where  and  are surface energy of component A and B, respectively.  and  are 
the dispersive and polar portions of surface energy for component A. The literature values 
of surface energy for PLA, PBSA and CNT used for calculation of the interfacial energy 
for pairs of PLA/PBSA, PLA/CNT and PBSA/CNT are summarized in Table 5.12. The 
geometric-mean equation is used and subsequent results are applied for Young’s equation 
to calculate wa. The calculated wa for PLA/PBSA/CNT ternary blend is -1.52, which means 
that CNT is primarily dispersed in one phase, i.e. PBSA. The result is consistent with the 
morphology observation for thick section of microparts which were molded from Sample 
3, as evidenced by SEM.  
Table 5.12 Surface energy for PLA, PBSA, CNT, and the calculated interfacial energy for 
PLA/PBSA, PLA/CNT and PBSA/CNT pairs by using the geometric-mean equation. 
Sample 
Surface energy (mJ/m2) 
Sample A Sample B Interfacial energy,  (mJ/m2) 
   
PLA [328] 37 13 50 PLA PBSA -0.756 
PBSA [328] 43 14 56 PLA CNT 3.73 
CNT [273] 17.6 10.2 27.8 PBSA CNT 4.88 
5.3.5 Summary 
A series of PLA/PBSA/CNT immiscible blends were prepared by systematically altering 
the compounding sequence of components of PLA, PBSA and CNT in a laboratory scale 
batch mixer. The obtained polymer blends were subsequently used for µIM and results 
indicated that the addition of PBSA to PLA can alter the state of distribution of CNT in 
subsequent moldings. SEM observations revealed that CNT is primarily localized in the 
discretely distributed PBSA droplets in PLA, and the existence of CNT aggregates in 
subsequent blends is beneficial to the enhancement of electrical conductivity. Furthermore, 
a CNT-enriched layer which was typically observed in the shear layer of PLA/PBSA/CNT 
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microparts could be attributed to the prevailing high shear fields in µIM. In this scenario, 
the very high shearing effect causes the shape deformation of CNT-containing phases and 
subsequent combination of these deformed structure leads to the appearance of CNT-
enriched layer. TGA results indicated that the thermal stability of microinjection molded 
samples deteriorated when compared with that of corresponding polymer blends, 
suggesting that the presence of very high shear rates in µIM may have a severe degradation 
effect on PLA and PBSA chains, respectively. 
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5.4 The influence of the types of carbon fillers 
A series of different types of carbon fillers (i.e. CB, CNT, GNP and graphite) loaded PP 
composites were prepared by melt blending, followed by compression molding or µIM. 
Direct current electrical conductivity measurements and melt rheology tests were utilized 
to detect the percolated structure for compression molded PP/carbon composites. For µIM, 
a rectangular mold insert which has three consecutive zones with decreasing thickness 
along the melt flow direction was adopted to study the influence of abrupt changes in mold 
geometry on the electrical and morphological properties of microparts. Results indicated 
that microparts demonstrated a higher pc when compared with their compression molded 
counterparts. This is largely due to the severe shearing conditions that prevail in µIM. The 
morphology of microparts containing different types of carbon fillers was examined using 
SEM. The development of corresponding microstructure is found to be strongly dependent 
on the types of carbon fillers used in µIM, which is crucial to the enhancement of electrical 
conductivity for the resulting microparts. For example, the high structure CB and CNT are 
more effective in building conductive pathways within the microparts when compared with 
that of GNP. In addition, in situ expansion of LTEG is crucial to form conductive pathways 
within the host matrix, which is essential to the enhancement of electrical conductivity. 
5.4.1 Properties of compression molded PP/carbon composites 
5.4.1.1 Electrical and morphological properties of CNT, CB and 
GNP filled PP composites 
Figure 5.43 shows the values of σ of compression molded PP/carbon composites, which 
was measured across the transverse direction (TD), as a function of filler content. The σ of 
different carbon filler containing systems is enhanced with increasing loading fractions in 
PP. It could be deduced from Figure 5.43 that CNT is effective in enhancing the σ of PP-
based composites at lower filler concentrations (< 2 wt%), which could be attributed to the 
fact that CNT has a high aspect ratio and this is beneficial to the formation of conductive 
pathways, thereby enhancing the σ of corresponding composites [89]. A rapid increase of 
σ is observed at the CNT concentration of 2 wt%, resulting from the formation of 
conductive pathways within PP. Similarly, with further increasing filler content, the σ of 
CB filled system increases remarkably in the range of 1 to 2 wt%, which is due to the 
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formation of a conductive network. Lin and Chung [329] reported that the addition of high 
structure CB is favorable for the formation of conductive pathways, thereby contributing 
to the enhancement of σ of resultant polymer composites. The σ of PP/GNP composites 
follows a linear trend with increasing addition of GNP until the filler concentration reaches 
7 wt%. Afterwards, a significant increase of σ is observed, which is a result of the formation 
of conductive network within PP. Thus, the pc for PP/GNP systems falls in the range of 7 
to 10 wt%. Above all, the foregoing results indicate that CB and CNT are more effective 
in improving the conductive properties of PP composites when compared with GNP. The 
evolution of σ is correlated with the development of microstructure in PP with an increase 
of filler loading fractions which is detailed in the following part.  
 
Figure 5.43 The TD σ of compression molded PP/carbon samples as a function of filler 
content. 
The morphology of compression molded PP/CNT, PP/CB and PP/GNP composites with 
various filler concentrations was characterized by SEM. Prior to observations, all samples 
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were fractured in liquid nitrogen and then coated with a thin layer of platinum to enhance 
surface conductivity. Figure 5.44 shows that CNTs are mainly dispersed in the form of 
small aggregates within the PP matrix, and corresponding CNT aggregates have a relatively 
uniform distribution. As can be seen from Figures 5.44(a)-(c), the size of CNT aggregates 
increased from several hundred nm to nearly one μm and the distance between different 
CNT aggregates was lowered simultaneously with increasing loading fraction of CNT, 
which contributed to the enhancement of σ. 
 
Figure 5.44 The morphology of PP/CNT composites with various filler concentrations: (a) 
1 wt%; (b) 3 wt%; (c) and (d) 5 wt% at different magnifications. 
Figure 5.45 shows the morphology of PP/CB composites with an increase of CB loading 
concentration. Figures 5.45(a)-(c) reveal that the distribution of primary CB particles is not 
uniform as the small aggregates could be observed within the PP matrix regardless of CB 
concentration. However, CB aggregates seemed to achieve an improved distribution with 
an increase of CB loading fraction, thereby facilitating the construction of 3D conductive 
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network within PP. Compared with CNT filled PP composites, CB demonstrated a higher 
efficiency to build conductive pathways, thereby leading to a higher σ of corresponding 
composites than CNT loaded systems. It has been illustrated in Figure 5.43 that the σ of 
PP/CB composites is nearly three orders of magnitude higher than the value obtained from 
PP/CNT composites at 2 wt%. 
 
Figure 5.45 The morphology of PP/CB composites with various filler concentrations: (a) 1 
wt%; (b) 3 wt%; (c) and (d) 5 wt% at different magnifications. 
Figure 5.46 exhibits the distribution of GNP in PP at various filler concentrations. The 
presence of GNP fillers is indicated by red arrows. Results indicate that the plate-like GNP 
particles dispersed uniformly and discretely within PP. As shown in Figures 5.46(a) and 
(c), it is unlikely for GNP to form 3D conductive pathways at lower filler loading fractions. 
Moreover, an intact conductive network is hardly observed within the PP even at a 10 wt% 
GNP, as indicated by Figures 5.46(e) and (f). As shown in Figure 5.43, the σ of PP/GNP 
148 
 
10 wt% composite is comparable to corresponding value of PP/CB 2 wt% and PP/CNT 3 
wt%, respectively. This further confirmed that GNP is not as efficient as the other carbon 
fillers, i.e. CB and CNT, in constructing conductive pathways within PP, which is 
corroborated by melt rheology analysis (as described in Section 5.4.2.1). 
 
Figure 5.46 The morphology of PP/GNP composites with various filler concentrations at 
different magnifications: (a)-(b) 1 wt%; (c)-(d) 5 wt%; (e)-(f) 10 wt%. 
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5.4.1.2 Electrical and morphological properties of SG filled PP 
composites 
The values of σ for compression molded PP/SG composites, which were determined across 
the TD are plotted as a function of filler content, as displayed in Figure 5.47. The values 
of σ for PP/SG samples with lower filler concentrations (< 20 wt%) are not detectable since 
their resistance is beyond the lower limit of the measurement scale of the testing equipment 
(Keithley 6514, USA) due to a lack of sufficient conductive pathways. With an incremental 
loading fraction of SG, a large increase of σ for PP/SG composites is observed at a filler 
content of 30 wt%, which is attributed to the formation of a conductive network through 
filler-filler interactions.  
 
Figure 5.47 The TD σ for compression molded PP/SG composites as a function of filler 
content. 
The morphology of SG particles is shown in Figure 5.48. The SG particles mainly assume 
a plate- or flake-like structure [330]. In addition, the microstructure of cryo-fractured 
surface of compression molded PP/SG composites is given in Figure 5.49. It is illustrated 
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that the SG particles have a relatively uniform distribution in PP, as indicated by black 
arrows. Figure 5.49(a) indicates that the SG has a high tendency to form interconnected 
conductive pathways within PP, which is consistent with the rapid increase of σ for PP/SG 
composites at 30 wt%, as displayed in Figure 5.47. Furthermore, it is shown in Figure 
5.49(b) that the SG particles have already constructed an intact conductive network within 
PP, which is essential to the enhancement of σ for subsequent polymer composites. 
 
Figure 5.48 The morphology of synthetic graphite (SG). 
 
Figure 5.49 SEM images of compression molded (a) SG30 and (b) SG50 composites. 
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5.4.2 Melt rheology 
5.4.2.1 Melt rheology of CNT, CB and GNP filled PP composites 
Melt rheology is sensitive to the microstructure change in polymer composites resulting 
from the addition of fillers. Figures 5.50(a)-(c) are the plots of storage modulus (G') versus 
loss modulus (G") as a function of frequency and weight fraction of CB, CNT and GNP, 
respectively. Taking Figure 5.50(a) as an example, G' increases with increasing CB content 
in PP. Starting from 2 wt% CB, there is an apparent deviation of the slope of G' versus G" 
with increasing CB content. Pötschke et al. [252] reported that the shift and change in the 
slope of G' versus G" indicate a significant change in microstructure of filler-containing 
polymer composites. Therefore, in combination with Figure 5.43, it could be deduced from 
Figure 5.50 that the change of microstructure is related to the formation of conductive 
pathways within PP. Similarly, a microstructure change of PP/CNT composites is found to 
occur in the vicinity of 3 wt%. However, as shown in Figure 5.50(c), there is only a slight 
deviation of the slope of G' versus G" when the GNP concentration is lower than 15 wt%, 
revealing that this plot is not sensitive for PP/GNP composites to probe the microstructure 
change with increasing GNP content. This may be due to the geometrical effect of different 
types of carbon fillers. Figure 4.1(b) shows that GNP has a plate-like structure and 
therefore they are more susceptible to the shearing effect. In addition, the lower surface 
area of GNP particles (see Table 4.3) may be another contributing factor since a stable 
physical network is hardly formed at lower filler loading concentrations. In combination 
with the results given in Figure 5.43, it could be concluded that plate-like GNP is not as 
efficient as CB and CNT in constructing 3D interconnected pathways within PP. 
 
Figure 5.50 G' as function of G" of (a) CB, (b) CNT and (c) GNP loaded PP at 190oC. 
152 
 
5.4.2.2 Melt rheology of SG filled PP composites 
Data on the dependence of G', G'', tan δ and complex viscosity (η*) on angular frequency 
for PP/SG composites are shown in log-log plots in Figure 5.51, respectively. In general, 
both the values of G' and G'' increase with increasing SG content in the entire range of 
frequency employed. Taking G' versus frequency as an example, the magnitude of G' 
increases and the slope of these curves decreases in the low frequency region with 
increasing filler content. Starting from 30 wt% SG, there is an obvious deviation of the 
slopes for PP/SG composites when compared with that of unfilled PP or PP/SG composites 
with lower filler concentrations. Simultaneously, shear thinning behavior is noticeable in 
η*, which is mainly attributed to the formation of a physical network in the polymer matrix 
due to the added fillers [26]. Thus, the rheology results are consistent with the results given 
in Figure 5.45, i.e. the pc is around 30 wt% SG. 
 
Figure 5.51 (a) G', (b) G'', (c) tan δ, and (d) η* as a function of frequency for different filler 
concentrations of PP/SG composites at 190oC, respectively. 
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5.4.3 Properties of microinjection molded PP/carbon composites 
The σ and microstructure development of different carbon fillers loaded PP microparts are 
given as follows. Section 5.4.3.1 discusses the effect of CNT, CB and GNP content on the 
σ of microinjection molded three-stepped microparts, which is correlated with morphology 
observations. Section 5.4.3.2 focuses on the properties of PP/graphite composites in μIM, 
with an emphasis on the influence of different types of graphite fillers (i.e. SG and LTEG) 
on the σ and development of microstructure in subsequent moldings. 
5.4.3.1 CNT, CB and GNP filled PP microparts 
5.4.3.1.1 Microinjection molding of PP/CB composites 
The log σ of each section of the PP/CB microparts measured in the FD and TD is reported 
in Figure 5.52. Figure 5.52 reveals that the σ measurements for each section of microparts 
were only carried out with samples containing higher filler concentrations (> 3 wt%). The 
obtained σ for the thin section is invariably lower than those achieved for their thick and 
middle section counterparts at identical CB concentrations as per measurement directions. 
Simulation results (Moldflow) show that shear rates in the thin section are the highest when 
compared with those of the thick and middle sections (see Section 5.4.4), which is thought 
to be unfavorable for the network formation by the spherical CB particles. For example, 
Chodák et al. [172] reported that the pc depends strongly on the processing method and the 
pc for compression molded PP/CB samples is much lower than that of injection molded 
counterparts, which could be attributed to the influence of shearing differences. Similar to 
CNT filled PS systems (see Section 5.2.2.1), the σ measured along the FD (Figure 5.52b) 
is several orders of magnitude higher than that across the TD (Figure 5.52a), indicating a 
preferential network formation along the flow direction. 
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Figure 5.52 DC electrical conductivity of each section of the microparts measured across 
the (a) TD and (b) FD as a function of CB concentration. 
The improvement of σ for PP/carbon composites is strongly related to the evolution of 
microstructure within the microparts. Thus, the microstructure of subsequent PP/carbon 
microparts is observed with respect to each cut section. The examined surfaces were 
sectioned across the TD by using a microtome, followed by chemical etching treatment for 
at least 8 h by using a mixture of sulfuric acid/phosphoric acid/potassium permanganate 
(H2SO4/H3PO4/KMnO4), as per Park et al. [246]. The development of microstructure for 
different sections of subsequent microparts with respect to the core layer and shear layer 
(close to the mold wall) are presented in Figure 5.53.  
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Figure 5.53 The morphology (TD) taken from the core and shear layers of the thick, middle 
and thin sections of different PP/carbon microparts. The filler concentration for all samples 
is fixed at 2 wt%. 
Figures 5.53(a)-(c) demonstrate the morphology of the core layer and shear layer of CB2 
microparts observed across the TD. The presence of CB agglomerates is indicated by red 
arrows. As shown in Figures 5.53(a1) and (a3), a larger number of CB agglomerates are 
found in the core layer than the shear layer. In addition, the high structure CB could form 
a typical ‘grape’ like structure (labeled in Figure 5.54), which facilitates the construction 
of conductive pathways in PP. In general, the distribution of CB aggregates is quite uniform 
in both the shear layer and core layer of the thick section, albeit the presence of discretely 
dispersed spherical CB agglomerates. 
156 
 
 
Figure 5.54 The high magnification images of the (a) core layer and (b) shear layer of thick 
section of CB2 microparts. 
Similar to the morphology of the thick section (Figure 5.53a), Figure 5.53(b) reveals that 
CB aggregates are uniformly distributed within the middle section. The major difference 
is that there is an obvious reduction of the number of spherical CB agglomerates present in 
the middle section when compared with that of thick section, which could be attributed to 
the significant increase of the shearing conditions with a sharp reduction of mold cavity 
thickness from 0.85 (thick section) to 0.5 mm (middle section). In addition, the extensional 
force fields are quite significant near the contraction regions amid the thick and middle 
sections. Therefore, both the shearing and extensional force fields contribute to the 
microstructural changes in different sections of the PP/CB microparts. 
The distribution of CB aggregates in the thin section of CB2 microparts is given in Figure 
5.53(c). It can be deduced from Figure 5.53(c) that the distribution of CB aggregates is not 
uniform between the shear layer and core layer. It is evident that there is a larger fraction 
of CB particles present in the core layer (Figure 5.53c1) when compared with that of the 
shear layer (Figure 5.53c3). This could be attributed to the filler migration effect which is 
commonly observed in high shear conditions, like injection molding process [331]. As a 
result, the σ for the thin section is invariably lower than that obtained from both the thick 
and middle sections due to a lack of sufficient conductive pathways. Notably, by comparing 
Figure 5.43 with Figure 5.52(b), one can easily note that the σ measured along the FD for 
all sections of microparts is higher than that of compression molded counterparts at higher 
157 
 
filler concentrations (˃ 5 wt%), implying that the dispersion of CB is greatly improved 
with an increase of shearing effect.  
5.4.3.1.2 Microinjection molding of PP/CNT composites 
Figure 5.55 shows the log σ of each section of PP/CNT microparts as a function of filler 
content measured across the TD and FD, respectively. As shown in Figure 5.55, the σ 
measurements for the thin section of microparts were only carried out with samples 
containing higher filler concentrations (> 3 wt%). The σ measured along the FD of PP/CNT 
microparts is always higher than that obtained across the TD, indicating a role for the 
orientation of CNT along the flow direction [332]. Figure 5.55(a) suggests that the pc for 
both the thick and middle sections measured across the TD falls in the range from 3 to 5 
wt% whereas the pc obtained from both sections of the microparts in FD is in the vicinity 
of 3 wt%, as illustrated in Figure 5.55(b). Moreover, our results are comparable to that 
reported by Abbasi et al. [101] as they found that the pc for PP/CNT microparts is about 4 
wt%. The pc for PP/CNT microparts is higher than that observed for compression molded 
counterparts, as illustrated in Figure 5.43. This could be ascribed to the influence of 
shearing conditions, which is quite significant in µIM and nearly negligible for 
compression molding process [12]. Thus, the presence of very high shear rates favors the 
preferential orientation of CNT in the FD and therefore, impairs the formation of random 
conductive pathways within subsequent microparts which could, to some extent, restrict 
the enhancement of σ across the TD and increase it in the FD, respectively. Additionally, 
possible length reduction of CNT after experiencing high shearing conditions could be an 
influencing factor. For example, Andrews et al. [136] observed a significant shortening 
effect of CNT in a laboratory mixer with increasing shearing conditions. Similar reduction 
effect has also been reported by Fu et al. [333] where the authors adopted a high shearing 
three-roll calendering technique to fabricate epoxy/CNT composites. Therefore, the pc of 
subsequent moldings would shift to higher filler concentrations as per Bauhofer and 
Kovacs [38]. 
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Figure 5.55 DC electrical conductivity of each section of the PP/CNT microparts measured 
across the (a) TD and (b) FD as a function of filler concentration. 
The microstructure of PP/CNT 2 wt% (CNT2) microparts was characterized with each cut 
section. Figure 5.53(d) reveals the microstructure of the thick section. In Figures 5.53(d2) 
and (d4), the presence of CNT agglomerates has been pointed out by black arrows and the 
individually dispersed CNT is highlighted by red arrows. It could be deduced from Figure 
5.53(d) that a larger fraction of CNT agglomerates is observed in the core layer (Figure 
5.53d1) than shear layer (Figure 5.53d3). In addition, the individually dispersed CNT 
functions as connecting ‘bridge’ among discretely distributed CNT agglomerates, which is 
favorable for the transport of electrons.  
Similar to that observed in the thick section (Figure 5.53d), the morphology of the middle 
section (Figure 5.53e) shows that there is a larger fraction of CNT agglomerates in the core 
layer (Figure 5.53e2) when compared with that of shear layer (Figure 5.53e4). In addition, 
the size of CNT agglomerates presents in the shear layer of the middle section (Figure 
5.53e4) is somewhat smaller than that of thick section counterpart (Figure 5.53d4), 
indicating that the shearing conditions present in the middle section are more severe than 
those in thick section. This will be further confirmed by numerical simulation in Section 
5.4.4. According to Xu et al. [332], the rigid CNT network would be deformed under high 
shear rates in the host polymers when CNT loading fraction is in the vicinity of pc, thereby 
influencing the properties of corresponding blends.  
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Figure 5.53(f) exhibits the morphology observed for the core layer and shear layer of thin 
section of CNT2 microparts across the TD, respectively. When compared with the thick 
and middle sections of CNT2 microparts, a distinct difference is that very few CNT 
agglomerates could be observed in the thin section. The distribution of CNT aggregates is 
not as uniform as that observed for previous sections (i.e. thick and middle sections) and 
this well explains why there is a difficulty in determining the σ of thin section with lower 
CNT loading concentrations (< 5 wt%).  
The morphology of the thick section of CNT2 microparts observed in the FD is displayed 
in Figure 5.56. Figures 5.56(a) and (c) indicate that a portion of CNT agglomerates are 
deformed to assume an elongated morphology in one specific direction, i.e. flow direction. 
This is associated with the strong shear force field that prevails in the melt filling direction, 
which is characteristic of injection molding process [13,334]. In addition, it seems that the 
individually dispersed CNT is likely to form a 3D conductive network, which is essential 
to the enhancement of σ.  
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Figure 5.56 The morphology (FD) of thick section in the core layer (a, b) and shear layer 
(c, d) of CNT2 microparts 
Figure 5.57 indicates that the CNT aggregates are further stretched by the higher shearing 
conditions that prevail in the middle section of microparts when compared with those of 
thick section, which results from the step reduction of mold cavity thickness. In addition, 
the extensional force fields are quite significant at these contraction areas amid different 
sections of the microparts. Moreover, an increase of the shearing effect leads to improved 
distribution of individual CNTs and CNT aggregates, yielding a relatively higher σ for the 
middle section when compared with that of the thick section along the FD, as displayed in 
Figure 5.55(b). 
161 
 
 
Figure 5.57 The morphology (FD) of the middle section in the core layer (a, b) and shear 
layer (c, d) of CNT2 microparts 
Similar to Figure 5.53, Figure 5.58 shows that fewer CNT agglomerates could be observed 
from the thin section when compared with previous observations from both the thick and 
middle section counterparts, especially in the shear layer. In addition, the distribution of 
CNT aggregates is not as uniform as that observed for previous sections. The evolution of 
maximum shear rates present in different sections of microparts was simulated via 
Moldflow (Autodesk). Results suggested that the distribution of maximum shear rates 
obeys an order of thin section ˃ middle section ˃ thick section (see Section 5.4.4). Thus, 
the development of microstructure in different sections of the microparts is primarily 
associated with the difference of shearing conditions. 
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Figure 5.58 The morphology (FD) of the thin section in the core layer (a, b) and shear layer 
(c, d) of CNT2 microparts. 
The microstructure at the transition area from the middle section to thin section of CNT2 
microparts is given in Figure 5.59. It reveals that CNT aggregates and the individually 
dispersed CNT tend to preferentially align in the melt flow direction which is a result of 
‘converging flow’ arising from the sharp reduction of mold cavity thickness from the 
middle section (0.5 mm) to thin section (0.2 mm), thereby leading to a rapid increase of 
shear rates. Obrzut et al. [335] reported that the applied shear fields would greatly affect 
the CNT network within the host polymer matrix and the pc is dependent on the applied 
shear rate, i.e. the pc increases with the applied shear rate. This could be ascribed to the 
preferential orientation of CNT along the shearing direction and subsequent shear induced 
deformation of CNT network. Therefore, the remarkable increase of shear rates along the 
FD is expected to affect the microstructure within different sections of PP/CNT microparts.  
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Figure 5.59 The morphology observed at the transition region from the middle section to 
the thin section of CNT2 microparts. Red arrow indicates the melt flow direction. 
Figures 5.56 to 5.58 were taken from the journal International Polymer Processing, 33(4), 
514-524 (2018), by S. Zhou, A.N. Hrymak, Musa R. Kamal, © Carl Hanser Verlag GmbH 
& Co.KG, Muenchen. As per the permission obtained from the publisher. 
5.4.3.1.3 Microinjection molding of PP/GNP composites 
As reported in the Figure 5.43, the pc for compression molded PP/GNP composites falls in 
the range of 7 to 10 wt%. The plate-like structure of GNP particles makes it easier to align 
in the flow direction due to the high shear rates in µIM, which is unfavorable for random 
construction of 3D conductive network within PP, thereby affecting the σ of microparts. 
Table 5.13 shows that the σ for the thin section is out of the lower limit for the measurement 
range for the Keithley electrometer even at a filler concentration of 15 wt%, indicating that 
the formation of 3D conductive pathways within the PP is unlikely for GNP under severe 
shearing conditions. Normally, a higher loading concentration of GNP is required to 
achieve sufficient conductive pathways within PP. Kalaitzidou et al. [130] reported that the 
pc for injection molded PP/GNP composites is near 7 vol%, namely 14.3 wt%. Moreover, 
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the σ measured in the FD is always higher than that achieved in TD as per cut sections from 
the microparts, suggesting the preferential alignment of GNP along the melt flow direction. 
This will be further corroborated by following morphology observations. 
Table 5.13 DC σ of both the thick and middle sections of GNP15 microparts measured 
across the TD and FD, respectively. At least five specimens were tested and StDev denotes 
standard deviation of the values of σ. 
GNP15 microparts TD (S/cm) StDev (S/cm) FD (S/cm) StDev (S/cm) 
Thick section 6.8E-8 2.9E-8 7.7E-6 4.1E-6 
Middle section 1.2E-5 9.1E-6 2.6E-5 1.7E-5 
Unlike the morphology observed for PP/CB and PP/CNT microparts, Figure 5.53(g) 
indicates that most of the GNP particles are discretely distributed, with possible stacking, 
within the thick section of PP/GNP counterparts. The distribution of GNP is quite uniform 
and there is no significant difference of the observed microstructure between the shear layer 
and core layer. Thus, a relatively higher GNP loading fraction is required to attain sufficient 
conductive pathways within the injection molded articles.  
The microstructure of the middle section of GNP2 microparts is given in Figure 5.53(h). It 
seems that there is a larger fraction of GNP in the middle section when compared with that 
observed for the thick section counterpart (Figure 5.53g). In addition, the mean distance 
among the individually dispersed GNP is slightly shortened in the middle section, yielding 
a higher σ in the middle section than the thick section (Table 5.12). Thus, it is proposed 
that prevailing higher shearing effect in the middle section may cause a reduction of the 
particle size or disruption of GNP aggregates into smaller ones, which is advantageous to 
the enhancement of σ. For example, the obtained σ for the middle section across the TD is 
at least two orders of magnitudes higher than that of the thick section. 
The morphology obtained along the FD for both the thick and middle sections of GNP2 
microparts is shown in Figure 5.60. It can be seen from both Figures 5.60(a) and (b) that 
there is an obvious orientation of GNP particles in the shear layer when compared with that 
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of core layer, reflecting the marked difference of shear rates present between the shear layer 
and core layer of injection molded articles. Moreover, the preferential orientation of GNP 
increases the probability of creating conductive pathways along melt flow direction, albeit 
the random distribution of GNP particles in the core layer. This could accordingly explain 
that the σ achieved in the FD is always higher than that in TD, as displayed in Table 5.12. 
 
Figure 5.60 The morphology (FD) of the (a) thick and (b) middle sections observed in the 
core and shear layers of GNP2 microparts. 
Figure 5.61 shows the microstructure of the thick section of the GNP5 microparts observed 
across the TD. Similarly, GNP has a uniform distribution within the host matrix. Although 
the mean distance between individually dispersed GNP decreases with an increase of filler 
content, a continuous 3D conductive network is hardly observed in the thick section, 
indicating that a higher GNP loading concentration is required for subsequent microparts 
when compared with that of CB or CNT filled systems. This is consistent with the σ 
measurements obtained from compression molded samples, as given in Figure 5.43. 
166 
 
 
Figure 5.61 The morphology (TD) of the thick section in the core layer (a, b) and shear 
layer (c, d) of GNP5 microparts. 
5.4.3.2 Microinjection molding of PP/graphite composites 
The DC σ for each section of graphite filled PP microparts was determined with respect to 
measurement directions, which is displayed in Figure 5.62. The FD σ for the thin section 
is not measured because it was not feasible to place this section properly between the 
copper electrodes for the two-probe method. The FD σ for both the thick and middle 
sections of microparts is invariably higher than the TD σ of corresponding counterparts, 
indicating a role for the orientation of conductive fillers along the FD. A similar trend has 
been observed for their CNT-containing PP counterparts, as reported in Section 5.1.  
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Figure 5.62 The σ for different sections of corresponding microparts with respect to the 
measurement directions, i.e. across the TD and along the FD, respectively. (a) SG30, (b) 
SG40, (c) SG50 and (d) LTEG30. 
Generally, the values of σ increase with an incremental loading concentration of SG in PP, 
suggesting that the σ of subsequent moldings is related to the construction of conductive 
pathways within the host matrix. Interestingly, the trend of σ for each section of the SG30 
microparts is different from that of high concentration (> 30 wt%) SG-loaded or LTEG30 
counterparts, which could be related to the development of microstructure in each section 
of subsequent moldings. For example, the average TD σ for the middle section of the SG30 
microparts, i.e. SG30 Middle, (1.75×10-7 S/cm) is slightly higher than that of SG30 Thick 
(6.23×10-8 S/cm); the average FD σ for SG30 Thick (3.74×10-6 S/cm), however, is 
relatively higher than that of SG30 Middle (9.67×10-7 S/cm). As per Figure 5.47, the pc for 
compression molded PP/SG composites is about 30 wt%. It has been reported that the pc 
for microinjection molded samples normally shifted to higher filler concentrations when 
compared with the samples prepared under less shearing effect, like compression molding 
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[101]. For example, Abbasi et al. [101] reported that the pc for compression molded 
PP/CNT and PC/CNT composites is about 1 and 3 wt%, respectively. However, 
corresponding values for PP/CNT and PC/CNT microparts increased to 4 and 6 wt%, 
respectively. Thus, it could be inferred that the SG particles within PP would be insufficient 
to form conductive pathways when the filler concentration is 30 wt%. Moreover, Li and 
Shimizu [236] found that there would be an improved dispersion of fillers in the polymer 
matrix when they were processed under elevated shearing conditions. In this scenario, 
although direct contact among the added fillers is limited, the improved distribution of SG 
particles might facilitate the transport of electrons through the ‘hopping’ or ‘tunneling’ 
mechanism.  
Enough conductive pathways could be formed with further increasing concentration of SG. 
Moreover, the preferential alignment of conductive particles would be beneficial to the 
enhancement of σ along the melt flow direction. For example, the FD σ for the SG50 Thick 
(1.25×10-3 S/cm) is approximately 2.5 times higher than that obtained from its compression 
molded counterpart (5.06×10-4 S/cm). In addition, the FD σ for SG50 Middle is about 4.2 
times higher than the FD σ for the SG-50 Thick. The above observation could be attributed 
to the combined influence of the higher shearing conditions in μIM [12] and ‘convergence’ 
of the adopted mold cavities along the flow direction. Thus, there should be a sharp increase 
of maximum shear rates amid the stepped transition regions. As a result, it is likely to obtain 
a higher degree of filler orientation in the thinner section of the microparts arising from the 
increasing shearing conditions. 
Moreover, there is a concurrent reduction of the TD σ along the melt flow direction of the 
stepped microparts, which could be related to the orientation of SG particles. It would be 
anticipated that there is a higher possibility of filler-filler interaction along the FD, whereas 
their ability to form an intact conductive network across the TD would be, to some degree, 
impaired, as given in Figures 5.62(b) and (c). A similar trend was also observed for LTEG-
containing microparts, as shown in Figure 5.62(d). This indicates that sufficient conductive 
pathways could be constructed within the microparts when the LTEG concentration is 30 
wt%, suggesting that less amount of LTEG is needed to attain sufficient conductive 
pathways within the molded samples. According to recent studies [47,102,109], the in-situ 
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exfoliation of LTEG during melt blending process is essential to the formation of 
conductive network in subsequent blends. In addition, the average particle size for LTEG 
(about 180 μm) is larger than that of SG (nearly 20 μm). Therefore, less contact resistance 
would be expected in order to generate enough conductive pathways by physical 
connection between adjacent fillers. As a result, the addition of LTEG would significantly 
enhance the σ of subsequent moldings. Furthermore, the achieved σ for each section, with 
respect to measurement directions, of LTEG30 microparts is higher than that obtained from 
SG50 counterparts, implying that LTEG has a higher efficiency to create intact conductive 
pathways when compared with SG. Moreover, the higher σ for LTEG30 microparts could 
adequately fulfill requirements in certain applications, such as sensors, thermal and 
electrostatic dissipation [336]. 
Figure 5.62 shows that the TD σ for the thin section is invariably lower than that of their 
thick and middle section counterparts, signifying that the typical shearing conditions and 
thermomechanical history in the thin section is less favorable for the construction of 3D 
conductive pathways. Similarly, the TD σ for the thin section of CNT and CB filled PP 
microparts was lower than respective value of their thick and middle section counterparts. 
Additionally, Pan et al. [194] reported that the cooling time drops substantially with a 
reduction of the mold cavity thickness. Thus, it would be anticipated that the generated 
structure in the thin section (0.2 mm) would instantly ‘freeze’ and have little chance of 
returning to a random orientation. In this scenario, the TD σ for the thin section of 
subsequent microparts could be significantly reduced due to lack of sufficient conductive 
pathways. 
The high shearing conditions and large thermal gradients present in μIM would determine 
the development of microstructure in microparts, which is crucial to the enhancement of σ. 
Therefore, the microstructure of corresponding microparts was characterized using a high-
resolution SEM. Figure 5.63 shows the morphology for both the thick and middle sections 
of SG-containing microparts. The presence of SG particles within the host polymer is 
pointed out by black arrows. Figures 5.63(a) and (b) exhibit the microstructure of the thick 
and middle sections of SG30 microparts, respectively. Figure 5.63(a) shows that the SG 
particles are somewhat randomly dispersed in the thick section whereas SG particles have 
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a higher tendency to align in one specific direction, i.e. along flow direction, in the middle 
section, as displayed in Figure 5.63(b). This could be attributed to the plate-like structure 
of SG particles and the difference of maximum shear rate that prevails in different sections 
of the stepped microparts. For SG50 microparts, SG particles have a relatively uniform 
distribution in either the thick section (Figure 5.63c) or middle section (Figure 5.63d). In 
addition, sufficient conductive pathways could be constructed at such a high concentration, 
i.e. 50 wt% SG. Besides, the shear induced orientation of SG particles in μIM is favorable 
for the enhancement of σ along the FD. For example, the FD σ for SG50 Thick (1.25×10-3 
S/cm) is approximately 2.5 times higher than that of compression molded counterparts. 
Meanwhile, the preferred alignment of SG particles along the FD would, to some extent, 
limit or impair the network formation across TD. It has been reported that the maximum 
shear rate present in μIM is a few orders of magnitude higher than that in compression 
molding process [12]. Thus, the σ for compression molded SG50 (5.06×10-4 S/cm) samples 
is higher than that of the TD σ for SG50 Thick (1.03×10-4 S/cm). 
 
Figure 5.63 SEM images of the (a) SG30 Thick, (b) SG30 Middle, (c) SG50 Thick and (d) 
SG50 Middle. 
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The characterization of LTEG is given in Figure 5.64. Figure 5.64(b) displays the expanded 
volume of 0.5 g LTEG after a thermal treatment at 190°C for 10 min using a conventional 
oven (Binder, ED 115, Germany). The expanded volume measured by a graduated cylinder 
was about 7 mL/g, indicating that the intercalated agents could easily escape from stacked 
graphite flakes of LTEG. In addition, the in situ expansion of LTEG during processing has 
been reported to be crucial to the enhancement of thermal conductivity for HDPE [102] 
and PA6 [47].  
 
Figure 5.64 The images of 0.5 g (a) pristine LTEG, and (b) expanded LTEG after thermal 
shock at 190oC for 10 min. 
The development of microstructure in different sections of LTEG30 microparts is given in 
Figure 5.65. Sufficient conductive pathways would be formed within the microparts due to 
the large particle size and in situ expansion of LTEG during melt processing.  
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Figure 5.65 The microstructure of the thick section of LTEG30 microparts. 
5.4.4 Simulation (Moldflow) 
As per Section 4.5.6, the simulation software package, Autodesk Moldflow Synergy 2016, 
was used to assess the maximum shear rates in µIM of PP/carbon microparts. Figures 
5.66(a) and (b) exhibit that the distribution of shear rates follows an increasing trend along 
the melt flow direction, from the thick section to thin section, of microparts. This could be 
attributed to, on one hand, the step reduction of mold cavity thickness; on the other hand, 
the applied process parameters such as melt temperature, mold temperature and injection 
velocity are always set at higher values when compared with those of CIM process. The 
distribution of maximum shear rates as a function of distance across the TD with respect 
to each section of resultant microparts is shown in Figure 5.66(b). It is apparent that the 
highest shear rates for each section occur near the shear layer of subsequent microparts.  
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Figure 5.66 The distribution of maximum shear rates (Moldflow) along the flow direction 
and (b) the probe plot of maximum shear rate as a function of distance across the TD. 
5.4.5 Summary 
A series of PP composites containing different types of carbon fillers (CB, CNT, GNP and 
graphite) were prepared by melt blending. Nanocomposite preparation was followed by 
compression molding and µIM processes, respectively. The volume electrical conductivity 
of resultant moldings was determined using a two-probe method. Results indicated that the 
percolation threshold for the microparts is invariably higher than their compression molded 
counterparts, which is largely attributed to the severe shearing conditions that prevail in 
µIM process. The development of microstructure in PP is strongly dependent on the applied 
shearing conditions and the types of carbon fillers. We found that CB and CNT are more 
effective in enhancing the electrical conductivity of microparts when compared with GNP 
filled systems. The enhancement of electrical conductivity for microparts is closely related 
to the development of internal microstructure. A ‘grape’ like structure was observed in the 
PP/CB microparts which is advantageous to the formation of conductive pathways, thereby 
yielding higher electrical conductivity. In addition, a conductive network could be 
constructed in the PP/CNT microparts since individually dispersed CNT functions as a 
‘bridge’ between discretely distributed CNT aggregates, thereby facilitating the transport 
of electrons. However, such morphology is hardly observed in compression molded 
PP/GNP samples or subsequent microparts. As a result, very high GNP concentrations are 
generally required to attain sufficient conductive pathways within GNP-containing 
moldings. Moreover, LTEG is superior to SG in terms of enhancing the electrical 
conductivity of PP which is attributed to its large particle size and in situ expansion nature. 
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To conclude, the morphology and intrinsic properties of different carbonaceous fillers 
significantly influence the electrical and morphological properties of subsequent moldings. 
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5.5 The influence of hybrid carbon filler loading 
The effect of hybrid carbon fillers of CNT and CB on the electrical and morphological 
properties of PS composites were systematically studied in μIM. The polymer composites 
with three different filler concentrations (i.e. 3, 5 and 10 wt%) at various weight ratios of 
CNT/CB (100/0, 30/70, 50/50, 70/30, 0/100) were fabricated by melt blending, followed 
by μIM under a defined set of processing conditions. A rectangular mold insert which has 
three consecutive zones with decreasing thickness along the flow direction was adopted to 
evaluate the abrupt changes in mold geometry on the properties of subsequent microparts. 
The distribution of carbon fillers within microparts was investigated by morphology 
observations, which was correlated with the electrical conductivity measurements. Results 
suggested that there is a flow-induced orientation of incorporated carbon fillers and this 
orientation increased with increasing shearing effect along the melt flow direction. High 
structure CB is found to be more effective than CNT in terms of enhancing the electrical 
conductivity, which was attributed to the good distribution of CB in PS and their ability to 
form conductive networks via self-assembly. Morphology observations indicated that there 
is a shear-induced depletion of CB particles in the shear layer, which is due to the marked 
difference of shear rates between the shear and core layers of the microparts. Moreover, an 
annealing treatment is beneficial to enhance the electrical conductivity of CNT-containing 
microparts. 
5.5.1 Electrical conductivity 
The DC σ for both the thick and middle sections of corresponding microparts with respect 
to the measurement directions is displayed in Figure 5.67. The FD σ for each section of the 
microparts is higher than that measured across the TD, which is indicative of preferred 
orientation of carbon fillers along the FD, arising from the predominant shearing effect that 
prevails in the injection molding process [334]. Furthermore, it should be kept in mind that 
in addition to the stepped decrease in thickness of the mold cavities along the FD, the 
adopted molding parameters, such as melt and mold temperatures as well as injection 
velocity, are higher than those encountered in CIM. As a result, the shear rate generated in 
μIM is at least two orders of magnitude higher than that in CIM [13], which is accountable 
for preferential alignment of carbon fillers in microparts [12]. For instance, Abbasi et al. 
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[12] reported that the pc for PC/CNT microparts shifted to higher filler concentrations when 
compared with that of compression molded or CIM macroparts. Meanwhile, the preferred 
orientation of carbon fillers along the FD would be detrimental to the random formation of 
conductive pathways across the TD within host matrix. Therefore, the TD σ for the middle 
section of microparts is lower than their thick section counterparts, at a specific filler 
concentration. For instance, the TD σ for the middle section of PS/CB 3 wt% microparts is 
beyond the lower limit of the measurement scale for Keithley 6514 electrometer, whereas 
the TD σ for their thick section counterparts is about 5.12×10-11 S/cm.  
 
Figure 5.67 The electrical conductivity for each section of the microparts molded from 
hybrid carbon filled PS composites. All measurements were conducted with respect to the 
TD and FD, respectively. Where, 1-PS/CB; 2-PS/CNT; 3-PS/CB(30)/CNT(70); 4-
PS/CB(50)/CNT(50); 5-PS/CB(70)/CNT(30). 
In addition, it is worth mentioning that the σ for either the thick section or middle section 
of PS/CNT 3 wt% microparts is beyond the lower limit of the measurement scale for 
Keithley 6514 electrometer, indicating a lack of conductive pathways. The finding is 
consistent with the results reported by Arjmand et al. [281] where the authors reported that 
the pc for PS/CNT composites is about 5 wt% in CIM. Thus, the prevailing shearing effect 
in μIM would largely limit the possibility of CNT-CNT contact in the microparts. 
However, the values of σ for both sections of PS/CB 3 wt% microparts are measurable 
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except that the TD σ for the middle section is out of the lower limit of the measurement 
scale for Keithley 6514 electrometer. Thus, the above description indicated that despite the 
high aspect ratio and intrinsically high electrical conductivity of CNT [89], the state of 
distribution of the added fillers plays a significant role in determining the σ of subsequent 
polymer composites [337], Additionally, the ratio of FD σ to TD σ, i.e. (FD/TD)σ, for the 
middle section of microparts is invariably higher than that of the thick section counterparts 
(see Table 5.14), confirming that the increasing shearing effect would facilitate filler 
orientation along the flow direction. Therefore, the values of (FD/TD)σ can be used as an 
indicator to assess the degree of filler orientation in the injection molded CPCs. 
Moreover, the values of (FD/TD)σ decrease with an incremental loading concentration of 
added fillers, indicating that the difference between the TD σ and FD σ is reduced with 
increasing filler concentrations. According to this scenario, there would be a higher 
possibility to form sufficient conductive pathways within subsequent moldings at higher 
filler concentrations, regardless of the shear-induced orientation of incorporated fillers 
along the predominant flow direction. Besides, the trend of decreasing ratio of (FD/TD)σ 
with an increase of filler concentration is generally applicable to either only CNT or hybrid 
carbon fillers (regardless of the weight ratio of CNT/CB) loaded PS microparts.  
Table 5.14 The ratio of (FD/TD)σ for both the thick and middle sections of PS/CB 
microparts. 
Sample 
(FD/TD)σ 
Thick section Middle section 
PS/CB 3 wt% 12.6 N/A 
PS/CB 5 wt% 5.6 4.3×105 
PS/CB 10 wt% 3.2 527 
Similar to PS/CNT 3 wt% microparts, the values of σ for both the thick and middle sections 
of 3 wt%-PS/CNT70/CB30 microparts cannot be detected using the Keithley electrometer 
due to insufficient conductive pathways, however, corresponding values could be detected 
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for the other combinations of hybrid carbon fillers loaded PS systems (at the same total 
filler concentration, i.e. 3 wt%) where CB occupies a relatively higher weight fraction, 
suggesting that high structure CB is more effective than CNT in enhancing the σ of 
subsequent moldings. In this scenario, the polymer-filler interfacial interaction might be an 
influencing factor. According to Clingerman et al. [338], a lower interfacial tension 
between polymer matrix and fillers promotes better wettability of polymer chains with the 
added fillers, thereby leading to an improved dispersion of carbon fillers in the host matrix. 
Consequently, the improved dispersion of conductive fillers would, in turn, increase the pc 
of CPCs [339]. 
The values of surface tension of PS, CB and CNT, and the interfacial tension between PS 
and different carbon fillers at 260oC are tabulated in Table 5.15. The interfacial tension 
between the polymer-filler pair was calculated using the following Wu’s harmonic mean 
average equation [340]. 
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where, γ12 is the interfacial tension between component 1 and component 2; γi is the value 
of surface tension of component i, which equals to d p
i i + . Moreover, 
d
i  and 
p
i  are the 
dispersion part and the polar part of surface tension of the ith component, respectively.  
Table 5.15 reveals that the interfacial tension of PS/CB pair is lower than that of PS/CNT 
pair, indicating that the polymer chains could easily wet the surface of CB particles, which 
leads to an improved distribution of CB in PS. The improved distribution of CB particles 
explains the fact that although a direct contact of conductive fillers is unlikely at a lower 
total filler concentration (e.g. 3 wt%) [281], it allows free passage of electrons though the 
‘tunneling’ or ‘hopping’ mechanism in the host matrix. It is thus not surprising that the 
values of σ for both the thick and middle sections of microparts molded from 3 wt%-
PS/CNT70/CB30 and PS/CNT 3 wt% composites are not detectable due to a lack of 
sufficient conductive pathways, regardless of the measurement directions. Additionally, a 
typical synergistic effect of hybrid carbon fillers on the σ for both the thick and middle 
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sections of 3 wt%-PS/CNT50/CB50 microparts is discernible since the values of σ for 3 
wt%-PS/CNT50/CB50 microparts are generally superior to those of PS/CNT 3 wt% or 
PS/CB 3 wt% counterparts. In this scenario, it could be deduced that the co-existence of 
CB particles with CNT facilitates the formation of conductive network within PS. 
Table 5.15 Surface tension of pure components and interfacial tension of PS/filler pair. 
 γ d
i  
p
i  
12
  
mN/m mN/m mN/m mN/m 
PSa) 23.44 23.272 0.168  
CBb) 21.77 19.59 2.18  
CNTc) 27.8 17.6 10.2  
PS/CB    3.29 
PS/CNT    11.82 
a) From reference [270]; b) From reference [338]; c) From reference [273]. 
When the total carbon filler concentration is increased to 5 wt%, it is expected that enough 
conductive pathways could be constructed by CNT in PS because the σ for PS/CNT 5 wt% 
microparts is always higher than that of PS/CB 5 wt% counterparts, as shown in Figure 
5.67. However, no synergistic effect of CNT and CB on the σ of subsequent microparts is 
detected since the σ for the thick section of hybrid filler-containing microparts is normally 
within the range of PS/CB 5 wt% (lower bound) and PS/CNT 5 wt% (upper bound) 
counterparts, whereas the σ for the middle section is invariably lower than that of PS/CB 5 
wt% or PS/CNT 5 wt% counterparts, regardless of the measurement directions. Moreover, 
the σ for either section of the PS/CNT/CB microparts increases with an incremental loading 
fraction of CNT, revealing that the presence of CNT is favorable for the formation of 
conductive pathways. For example, the FD σ and TD σ for the thick section increase from 
5.81×10-9 (5 wt%-PS/CNT30/CB70) to 1.16×10-6 S/cm (5 wt%-PS/CNT70/CB30) and 
from 3.66×10-10 (5 wt%-PS/CNT30/CB70) to 4.05×10-8 S/cm (5 wt%-PS/CNT70/CB30), 
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respectively. A monotonic increase of FD σ for the thick section is attributed to the favored 
alignment of CNT along the FD since more conductive pathways could be constructed with 
an increasing weight fraction of nanotubes. Also, a concurrent increase of the TD σ for the 
thick section is ascribed to the spatial distribution of CNT across the TD, thereby 
facilitating the formation of conductive pathways, albeit the favored orientation of CNT 
along FD. Furthermore, more filler orientation in the middle section is expected with an 
increase of shear rates, arising from a sharp reduction of mold cavity thickness, from 0.85 
(thick section) to 0.50 mm (middle section). As a result, the FD σ for the middle section is 
higher than that of its thick section counterpart whereas the TD σ for the thick section is 
invariably higher than that of the middle section. Similarly, such trend also applies to 
microparts which have a total carbon filler concentration of 10 wt%, in which cases 
sufficient conductive pathways can be constructed. In addition, Table 5.16 shows that the 
presence of CB is beneficial to the enhancement of σ for subsequent microparts, which 
could be ascribed to the uniform distribution of CB within the host polymer.  
Table 5.16 The σ for the thick section of 10 wt% carbon fillers loaded PS microparts. 
Sample Thick-TD (×10-5 S/cm) Thick-FD (×10-5 S/cm) 
PS/CNT 10 wt% 6.59 127 
10 wt%-PS/CNT70/CB30 20.2 155 
10 wt%-PS/CNT50/CB50 14.1 137 
10 wt%-PS/CNT30/CB70 28.2 172 
PS/CB 10 wt% 62.9 201 
Based on the range of total carbon filler concentrations studied, no obvious synergistic 
effect of hybrid loading of CNT and CB on the enhancement of σ for PS microparts was 
detected. According to a review by Szeluga et al. [341], hybrid carbon fillers loading of 
CNT and CB does not always guarantee a synergy in enhancing the σ of subsequent 
polymer composites. On the one hand, the weight ratio of carbon nanofillers in the hybrid 
mixture is crucial to determining the properties of subsequent polymer composites, such as 
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the mechanical properties, thermal and electrical conductivities [341]. On the other hand, 
the interaction between polymer matrix and carbon nanofillers or the quality of dispersion 
of conductive particles may play a role in constructing co-supportive conductive pathways 
since a synergistic enhancement of σ was typically observed for semi-crystalline polymer, 
e.g. PP [342] and epoxy-based composites [89,343,344]. As reported in Section 5.2, the 
intrinsic properties of polymer matrix can determine the state of distribution of added 
CNTs, thereby affecting the σ of subsequent moldings. Thus, a thorough investigation on 
the influence of intrinsic properties of the host polymers on the properties of hybrid carbon 
nanofillers (i.e. CNT/CB) loaded systems would be helpful to elucidate this phenomenon. 
Overall, the synergistic enhancement of σ could be achieved in PS microparts when the 
total carbon fillers concentration is 3 wt% wherein the CB and CNT have equivalent weight 
fractions. In addition, the middle section of both 3-PS-NT30 and 10-PS-NT30 microparts 
showed a synergy in terms of enhancing the σ when compared with other filler-containing 
counterparts. However, such synergistic effect was absent at higher filler concentrations 
and the σ of subsequent microparts tends to increase with increasing weight fractions of 
CNT and CB when the total filler concentration is 5 and 10 wt%, respectively.   
5.5.2 The effect of annealing treatment 
To study the effect of annealing on the σ of subsequent micromoldings, microparts molded 
from 10 wt% carbon filled composites were subjected to a thermal treatment at 100oC for 
2h under vacuum. Figure 5.68 indicates that the TD σ for the thick section of PS/CB 10 
wt% microparts decreased significantly after the annealing treatment. Two possible 
mechanisms are proposed to explain the annealing-induced decrease of σ for only CB-
containing PS microparts: (1) the very high shear rate and large temperature gradients 
during μIM could largely induce a preferred orientation of polymer chains and the added 
fillers along the flow direction. Thus, the rapid solidification of generated structure has 
little chance of returning to a random orientation. The mobility of polymer chains could be 
greatly enhanced during the annealing treatment, which leads to a relaxation of orientated 
polymer chains to random coils [345]. In addition, since the adopted CB has a relatively 
high surface area (about 1400 m2/g), the dispersed CB particles have a greater tendency to 
form segregated aggregates, which could disrupt conductive pathways within the polymer 
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matrix. (2) Since the mobility of polymer chains can be greatly improved at higher 
temperatures, more macromolecular chains are likely to migrate to the surface of CB due 
to the good wettability of PS with CB. Moreover, the high surface area of CB could be a 
contributing factor because a certain amount of polymer chains is required to wet the outer 
surface of CB particles. A similar downward trend of σ with temperature was reported by 
Liang and Tjong [345] in a carbon nanofiber (CNF) filled PS system. The authors proposed 
that increased mobility of polymer chains at higher temperatures would interrupt the 
formation of conductive network, thereby increasing the resistivity of samples [345]. As a 
result, the annealing treatment is detrimental to only CB-containing samples. 
Unlike PS/CB 10 wt% microparts, the TD σ for the thick section of only CNT or hybrid 
carbon fillers loaded PS counterparts increased after the annealing treatment. For example, 
the TD σ for thick section of 10 wt%-PS/CNT50/CB50 microparts increased from 1.41×10-
4 to 4.86×10-4 S/cm after the annealing treatment. The annealing-induced enhancement of 
σ can be explained as follows: as described previously, there would be a preferential 
orientation of carbon fillers along the melt flow direction arising from the predominant 
shearing effect and rapid solidification of products in μIM. As a result, the residual stress 
and strain will exist in the interfacial polymer phases amid the added fillers [235]. 
However, this is not a thermodynamically-favored state, and the frozen-in polymer chains 
as well as orientated structure have a great tendency to reorder or rearrange themselves to 
a random orientation, provided that the polymer chains gain a certain degree of mobility. 
In addition, the presence of surrounding insulating polymers would increase the contact 
resistance and limit the possibility to construct conductive pathways through direct 
connection of carbon fillers, thereby impairing the enhancement of σ. Li et al. [262] 
proposed the annealing treatment could relieve the residual stress and strain that exists in 
the interfacial polymers between the added fillers thanks to the increased mobility of 
polymer chains. As a result, the mean distance between adjacent CNTs decreased slightly 
with an increase of the annealing temperature [262], which in turn leads to a reduction of 
the ‘tunneling’ resistance, thereby contributing to the enhancement of σ. Moreover, the 
increased mobility of polymer chains promotes secondary agglomeration of CNT (e.g. 
loosely packed CNT network) [150,346], which is advantageous to the enhancement of σ 
for subsequent moldings. Interestingly, a significant increase of the TD σ was observed for 
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the thick section of 10 wt%-PS/CNT50/CB50 microparts where the CB and CNT have 
equivalent weight fraction in PS, i.e. 5 wt%, respectively. As mentioned previously, 
conductive pathways could be formed in either only CB- or CNT-containing PS microparts 
at 5 wt%. Thus, it is reasonable to suggest that the synergistic effect of hybrid carbon fillers 
on the enhancement of σ arises from the formation of CB aggregates and the restoration of 
loosely packed CNT network within host matrix after the annealing treatment. 
 
Figure 5.68 The TD electrical conductivity for the thick section of different combinations 
of carbon fillers (i.e. CB/CNT) loaded PS microparts. Results were collected from samples 
before and after annealing treatment at 100oC for 2h. 
5.5.3 Morphology 
The cross-section microstructure of the thick section of PS/CB 5 wt% microparts is given 
in Figure 5.69. Figures 5.69(a) and (b) indicate that the CB particles have a relatively 
uniform distribution in the core layer of the thick section, in the form of small aggregates 
or chain-like structure, suggesting that high structure CB particles could form a random 
conductive network via self-assembly even under very high shearing conditions, which is 
beneficial to the enhancement of σ. A similar phenomenon was observed by Yui et al. [347] 
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in CIM PP/HDPE/CB macroparts. However, despite the uniform distribution of CB 
aggregates in the shear layer, there are some regions devoid of CB particles and shear-
induced depletion of CB particles could be the contributing factor. For example, Jana [348] 
reported that the loss of surface and volume σ in conductive polymer composites could be 
ascribed to the shear-induced migration of conductive fillers during mold filling process in 
injection molding. In addition, Hong et al. [280] reported that the migration of conductive 
fillers became severe with an increase of shearing conditions. Jiang et al. [13] pointed out 
that shear rates as high as 106/s are not rare in μIM. Moreover, the shear layer exhibits a 
higher shear rate relative to that of the core layer (as shown in Section 5.4.4). Thus, shear-
induced migration of CB particles would become more significant in the shear layer, as 
shown in Figure 5.69(d). 
 
Figure 5.69 The morphology (TD) taken from the (a, b) core layer and (c, d) shear layer of 
the thick section of PS/CB 5 wt% microparts. 
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The cross-section morphology of the thick section of PS/CNT 5 wt% microparts is given 
in Figure 5.70. Figure 5.70 indicates that CNT has a relatively uniform distribution across 
the TD of the thick section. Moreover, CNT agglomerates seem to be absent from the thick 
section across the TD and no obvious shear-induced depletion effect on CNT-containing 
counterparts is observed in the shear layer. This suggests that there exists a good wettability 
between PS macromolecular chains and the surface of nanotubes, which leads to a good 
distribution of CNT in the host matrix [274]. In addition, the particle size may play a role 
when it comes to shear-induced migration phenomenon. For example, unlike CB particles, 
the adopted CNT has a very high aspect ratio (>1000). Thus, the shear-induced depletion 
effect would be insignificant in terms of the particle size of CNT and rapid mold filling 
process in μIM.  
 
Figure 5.70 The morphology (TD) taken from the (a, b) core layer and (c, d) shear layer of 
the thick section of PS/CNT 5 wt% microparts. 
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The cross-section morphology for the thick section of 5 wt%-PS/CNT50/CB50 microparts 
prior to annealing treatment is displayed in Figure 5.71. Figure 5.71 indicates that both the 
CNT and CB have a relatively uniform distribution across the TD. The existence of CNT 
agglomerates could be detected in the core layer of the microparts, which have been labeled 
in black contours, as shown in Figure 5.71(a). However, discretely dispersed CB and CNT 
would be unfavorable for effective construction of conductive pathways within subsequent 
microparts [349]. For example, Wu et al. [349] proposed that the co-existence of two 
independent phases, namely the main particle phase (i.e. CB aggregates) and the bridge 
phase (individually dispersed CNT or CNT agglomerates) is unfavorable for the overall 
enhancement of σ. As a result, the σ for 5 wt%-PS/CNT50/CB50 microparts is somewhat 
lower than that of the only CNT-containing counterparts, as displayed in Figure 5.67. 
 
Figure 5.71 The morphology (TD) taken from the (a, b) core and (c) shear layers of the 
thick section of 5 wt%-PS/CNT50/CB50 microparts prior to the annealing treatment. 
The cross-section morphology for the thick section of 5 wt%-PS/CNT50/CB50 microparts 
after the annealing treatment is given in Figure 5.72. Similar to Figure 5.71, both CB and 
CNT have a relatively uniform distribution in the PS. In addition, despite the presence of 
individually dispersed CB and CNT, it seems that the annealing treatment could promote 
secondary agglomeration of CNT [150] and the formation of CB aggregates in the host 
matrix [350], which are responsible for the enhancement of σ [147]. As a result, the TD σ 
for the thick section of 10 wt%-PS/CNT50/CB50 microparts after the annealing treatment 
is 3.45 times higher than that obtained from their counterparts prior to annealing treatment, 
as displayed in Figure 5.68.  
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Figure 5.72 The morphology (TD) taken from the (a, b) core and (c) shear layers of the 
thick section of 5 wt%-PS/CNT50/CB50 microparts after the annealing treatment. 
5.5.4 Summary 
A series of hybrid fillers of CNT and CB loaded PS composites were prepared by melt 
blending. The weight ratio of CNT/CB was systematically altered at the same total filler 
concentrations, i.e. 3, 5 and 10 wt%. Afterwards, the obtained blends were subjected to 
μIM under a defined set of molding conditions. The distribution of carbon fillers within the 
microparts was evaluated by a combination of electrical conductivity measurements and 
SEM observations. Results indicated that both the CB and CNT have a relatively uniform 
distribution within PS. Although there is a shear-induced depletion effect in the shear layer 
of CB-containing microparts, the electrical conductivity measurements suggested that high 
structure CB has a greater tendency to form conductive pathways within the microparts via 
self-assembly even under very high shearing conditions of μIM. In this study, however, no 
obvious synergistic effect of hybrid fillers on the construction of conductive pathways is 
detected, which is thought to be crucial to the enhancement of electrical conductivity for 
conductive polymer composites [351]. Further studies regarding the effect of intrinsic 
properties of polymer matrices on hybrid carbon fillers (i.e. CNT/CB) loaded composites 
might be helpful to elucidate this phenomenon. Furthermore, the influence of annealing 
treatment on the electrical and morphological properties of as-molded microparts which 
have identical total filler concentration, i.e. 10 wt%, at various weight ratio of CNT/CB 
combinations was investigated as well. Results revealed that the electrical conductivity for 
CNT-containing samples increased after the thermal treatment whereas corresponding 
values for only CB-containing counterparts decreased. In this scenario, the occurrence of 
secondary agglomeration of CNT and the formation of CB aggregates are thought to be 
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contributing factors thanks to the increased mobility of polymer chains during annealing 
treatment. For example, a flow-induced orientation of CNT in microparts is expected due 
to the combined effects of high shearing and cooling in μIM. Thus, the reorganization of 
orientated CNT and the occurrence of secondary agglomeration of CNT facilitate the 
construction of conductive pathways. Besides, the formation of CB aggregates further 
promotes the formation of conductive pathways within the host polymer matrix. However, 
the aggregation of CB particles in only CB-containing samples might break down the 
continuum of conductive pathways, thereby leading to a reduction of electrical 
conductivity after the thermal treatment.  
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Chapter 6  
6 Conclusions 
The research was carried out in a manner to fully explore and understand the influence of 
process parameters and molding materials on the electrical and morphological properties 
of carbon filled thermoplastic polymers in microinjection molding. A micropart which has 
three-consecutive zones with decreasing thickness along the flow direction was fabricated. 
To facilitate characterizations, all microparts were cut into three different sections based 
on part thickness, namely thick section, middle section and thin section, respectively. The 
electrical conductivity for each section of microparts was characterized relative to the melt 
flow direction, i.e. parallel to the flow direction (FD) and perpendicular to flow direction 
(TD), by a two-probe method. Results from the electrical conductivity measurements were 
correlated with the development of microstructure in microparts. The following conclusion 
could be drawn from this work: 
The state of distribution and degree of orientation of CNT are influenced by the process 
parameters in microinjection molding. It was found that an increase of backpressure does 
not significantly contribute to enhancing the electrical conductivity, but it has an important 
influence on the dimensional stability of the microparts. High melt temperature and mold 
temperature are advantageous to the formation of conductive pathways within microparts. 
Higher injection velocity reduces the electrical conductivity values measured across the 
TD, whereas the values of electrical conductivity increases along the FD of the microparts, 
which was correlated with the orientation of CNT.  
As expected, simulation (Moldflow) results revealed that the distribution of maximum 
shear rates within the three-step microparts obeys the following order: thick section < 
middle section < thin section. The microstructure development along the FD was correlated 
with the simulation results. For example, the number of CNT agglomerates in each section 
of PP/CNT microparts decreased along the predominant flow direction, which could be 
related to the variation of shearing effect. The crystallization of unfilled PP microparts is 
shear rate (temperature) dependent along the FD, i.e. the peak crystallization temperature 
follows a similar trend as the simulation results. However, this phenomenon is absent in 
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CNT-containing systems, indicating that the presence of CNT can alter the crystallization 
process of polymer chains. 
The selection of host polymer matrices for CNT has an influence on the microstructure of 
microparts, which was corroborated by SEM observations. The interfacial interactions 
between CNT and the host matrix can determine the state of filler distribution. For 
example, the microparts molded from CNT-containing PP composites demonstrated higher 
electrical conductivity when compared with those of PC/CNT, PS/CNT and PA6/CNT 
counterparts, which was attributed to the presence of CNT agglomerates in PP.  
The crystallization process of carbon filled semi-crystalline polymers such as PA6 and PP 
was significantly accelerated with the filler acting as a nucleation agent. For example, the 
crystallization behavior of PA6/CNT composites and subsequent moldings was greatly 
altered with the appearance of a typical double crystallization peak whereas only a single 
crystallization peak was observed for their pure PA6 counterparts. Additionally, the peak 
crystallization temperature of CNT-containing PP composites and subsequent moldings 
shifted to higher temperature regions with a monotonic increase of CNT concentration, up 
to 10 wt%.  
The effect of CNT filled polymers on the thermal stability varied with respect to the types 
of host polymer matrix employed. For example, the thermal stability of PC/CNT 
composites and thick section of subsequent microparts deteriorated upon the addition of 
CNT, whereas the thermal stability of PP/CNT composites and subsequent moldings 
increased with increasing filler concentration, which was ascribed to the intrinsic properties 
of CNT and the state of filler distribution within corresponding micropart.  
The distribution of CNT was significantly improved in PA6 after the melt blending and 
subsequent microinjection molding processes. The typical thermomechanical history 
experienced by polymer melts during melt processing could have a chain scission effect on 
the polymer chains and a shortening effect on the added CNT due to the prevailing high 
shearing and extensional force fields. 
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Raman spectroscopy analysis was found useful to characterize the orientation of carbon 
fillers and qualitatively check the properties of carbon fillers in microparts. 
The adoption of immiscible polymer blends could enhance the electrical conductivity of 
subsequent moldings by the concept of selective localization of conductive fillers in the 
dispersed phase of immiscible blends. Moreover, the high shearing effect in microinjection 
molding favors the coalescence of dispersed filler-enriched phase, which is advantageous 
to the formation of conductive pathways. 
The development of microstructure in carbon filled PP microparts is influenced by the 
intrinsic properties of adopted fillers. We found that the high structure CB and CNT are 
more effective in enhancing the electrical conductivity of microparts, when compared with 
GNP-containing counterparts. Besides, the adoption of LTEG can effectively enhance the 
electrical conductivity of microparts, which is attributed to the in situ exfoliation of 
conductive fillers during melt processing. In addition, the percolation threshold for carbon 
filled microparts is invariably higher than their compression molded counterparts, which is 
attributed to the severe shearing conditions that prevail in microinjection molding process. 
Therefore, the morphology and intrinsic properties of carbon fillers significantly influence 
the electrical and morphological properties of subsequent moldings.  
Based on the range of total carbon filler concentrations studied, no obvious synergistic 
effects of hybrid loading of CNT and CB on the enhancement of σ for PS microparts was 
detected. An annealing treatment could effectively enhance the electrical conductivity of 
CNT-containing microparts, which can be related to the restoration of conductive network 
due to the increased mobility of polymer chains, whereas a negative effect on the electrical 
conductivity was observed for only CB-loaded counterparts.  
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Chapter 7  
7 Recommendations for future research 
The following issues could be addressed in the future to extend our understanding of 
microinjection molding of filler loaded polymer composites. 
1. Process characterization:  
• Understanding of the microinjection molding process for filler-containing 
polymer composites by collecting the in-line process data via proper sensors 
installation. 
• Flow visualization with the aid of high speed camera or other techniques. 
2. Improve the interfacial interaction between fillers and host polymer matrices: 
• Surface modification of inorganic fillers is essential to improve the 
dispersion of functionalized fillers in the host polymers by enhancing the 
interfacial interactions between fillers and host polymers. Thus, the efficacy 
of filler modification is worth investigating from the viewpoints of research 
and application. 
• The other approach is to introduce compatibilizers or other additives such 
as ionic liquids and other dispersive agents. These aspects have been studied 
in conventional injection molding and/or compression molding processes, 
but are rarely investigated in terms of microinjection molding process. 
3. Optimize the filler distribution by in situ foaming process: 
• The foaming process could be introduced by directly applying the inert gas 
during the molding process. However, this process may be quite challenging 
due to the very short cycle times, high injection pressure and limited space 
of the mold cavities. Thus, proper mixing of chemical foaming reagents with 
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polymer composites will be a viable way to study the influence of foaming 
on the properties of foamed articles.  
4. Conduct a thorough study of the mechanical properties of carbon filler-containing 
microparts and make a comparison of mechanical properties between conventional 
injection molded counterparts or microparts with various part thickness. By doing 
this, one may correlate the mechanical properties, such as tensile strength, Young’s 
modulus and elasticity with the size of injection molded products.  
5. Investigate the development of crystal morphologies with or without the presence 
of fillers by using optical microscopy analysis. A comprehensive understanding of 
the microstructure would be helpful to correlate the microstructure development 
with the mechanical performance of molded microparts. 
6. Quantify thermal conductivity of carbon-containing microparts. The evaluation of 
thermal conductivity is of equivalent importance as the determination of electrical 
conductivity, which may shed light on their potential applications in the areas of 
heat dissipation, etc.  
7. Develop suitable toolkits for characterizing the rheological behavior of polymers 
and polymer composites at high shearing conditions. Proper acquisition of rheology 
data under extreme shearing conditions would be essential to develop suitable 
packages/toolkits for accurate simulation of the microinjection molding process. 
8. Study the effect of annealing and thermal aging on the electrical and morphological 
properties of carbon-containing microparts. This may provide some insights into 
the correlation between microstructure development and performance of microparts 
in the frame of time series. 
9. The occurrence of shear-induced coalescence of CNT-enriched PBSA domains in 
the shear layer of PLA/PBSA/CNT microparts is quite interesting. Therefore, future 
work may focus on the influence of filler geometry (such as spherical, plate-like 
and other fibrous particles) on the microstructure development of filler-containing 
immiscible blends in microinjection molding. 
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Appendices 
8 The influence of mold geometry on the electrical and 
morphological properties of PP/CNT microparts 
8.1 Background 
As reported in Chapter 1 Section 1.4.1.4, the adoption of different types of gate design or 
configurations of mold inserts would affect the thermomechanical history that prevails in 
the samples prepared by injection molding process. For example, Zhang et al. [211] studied 
the mold filling, morphological and mechanical properties of poly(ether-block-amide) 
dumbbell microparts by systematically changing gate design (i.e. opening and thickness) 
and cavity thickness (100-500 μm). They reported that a reduction of the gate size has two 
conflicting effects, i.e. reducing the gate size increases the shear heating, which leads to 
increased flow length; however, a simultaneously increased cooling effect reduces the flow 
length. In addition, the mold filling increases significantly with an increase of mold cavity 
thickness whereas the skin ratio decreases from 70 to 10% when the mold cavity thickness 
increases from 100 to 500 μm, which significantly determines the mechanical properties 
of subsequent moldings. Enomoto et al. [160] reported that the σ of PS/VGCF composites 
increased with increasing mold geometry thickness, which is due to the difference between 
the degree of filler orientation.  
In our previous studies which were reported in Chapter 5, we found that prevalent shearing 
and cooling effects in different sections of three-step microparts would significantly affect 
the distribution and orientation of the incorporated fillers, thereby determining the 
properties of the microparts. To attempt to study the effect of mold geometry on the 
properties of PP/CNT microparts, a series of plaque mold inserts which have different 
cavity thickness were fabricated. A 3D view of the plaque microparts is displayed in Figure 
8.1. The plaque microparts have a thickness of 0.85 mm, a width of 2.4 mm and a length 
of 14.8mm. The PP/CNT composites were prepared by melt dilution of masterbatches (see 
Chapter 4). The plaque microparts were fabricated under the same conditions as those of 
the three-step counterparts, i.e. melt temperature (260oC), mold temperature (100oC) and 
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injection velocity (300 mm/s). Afterwards, the electrical conductivity and morphological 
properties of PP/CNT microparts were compared with those of three-stepped counterparts.  
 
Figure 8.1 (a) The 3D view of a plaque micropart; (b) the micropart was divided into three 
sections for morphology observations. 
8.2 Electrical conductivity and morphology 
The σ for the plaque microparts was compared with the values of each section of the three-
stepped microparts. For the plaque microparts, the σ was measured along the flow direction 
(FD) by using a two-probe method. Figure 8.2(a) shows the comparison of σ obtained from 
the plaque microparts with corresponding values determined across the transverse direction 
(TD) for each section of the three-step microparts. Results revealed that the FD σ for plaque 
microparts was lower than the TD σ obtained from each section of the three-step microparts 
when the CNT concentration is less than 7 wt%, whereas it becomes higher when the filler 
concentration exceeds 7 wt%. This suggested that the preferential alignment of nanotubes 
along the FD facilitates the formation of conductive pathways at higher CNT concentration. 
However, the FD σ for plaque microparts was much lower when compared with the TD σ 
for each section of three-step microparts at 5 wt% CNT, provided a preferential orientation 
of CNT along the flow direction. Thus, it could be deduced that the length of the flow path 
may affect the continuous construction of conductive pathways, thereby affecting the σ of 
subsequent moldings. For example, Villmow et al. [88] reported that both the volume and 
surface σ of injection molded PC/CNT plates varied locally along the flow direction, which 
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could be correlated with the changes of nanotubes network arising from the network 
orientation, network disruption, orientation of separated nanotubes and cluster formation. 
Therefore, the formation of conductive pathways is not consistent within injection molded 
plates, which could be related to the combined shearing and cooling effects involved during 
the molding process. In addition, Eken et al. [256] reported that an increase of shear rate 
causes alignment of nanotubes along the flow direction. Thus, the orientation of individual 
nanotubes or nanotubes network might become more severe in the case of μIM when 
compared with that of CIM counterparts. As a result, the development of internal 
microstructure for subsequent moldings could be significantly affected by the mold 
geometry employed in μIM. 
 
Figure 8.2 Comparison of the σ between the plaque microparts and each section of three-
step microparts as a function of CNT content. The thickness of the plaque microparts is 
0.85 mm. For the three-step microparts, σ was determined (a) across the TD and (b) along 
the FD, respectively. 
Similarly, the FD σ for the plaque microparts was much lower than corresponding values 
of each section of the three-step microparts whereas such difference was minimized when 
CNT concentration is higher than 7 wt%, as depicted in Figure 8.2(b). This further indicates 
that the geometry of employed mold inserts has a significant influence on the development 
of microstructure within corresponding microparts. The flow path and thermomechanical 
history experienced by polymer melts would be significantly different in the two different 
mold inserts employed. For example, the length of the plaque microparts is 14.8 mm which 
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is nearly 3 times longer than that of each section of the three-step microparts (Table 4.5). 
Since μIM is characteristic of high shearing and large cooling effects, the development of 
microstructure in PP/CNT microparts could be greatly affected by the thermomechanical 
history that endured by the polymer melts. For example, Kamal et al. [212] found that there 
is an increase of melt temperature along the flow direction which was attributed to the shear 
heating, as validated by Moldflow simulation. As a result, the prevailing thermomechanical 
history would be different between both mold cavities, i.e. the plaque mold insert and the 
three-step mold insert. For example, there is a significant increase of shear rates along the 
FD in the three-step microparts (Figure 5.66) whereas the changes of shear rates along the 
FD is insignificant in different locations of plaque microparts (see Section 8.3, Figure 8.6), 
leading to the formation of different microstructure within subsequent microparts, thereby 
affecting σ. 
The development of microstructure in PP/CNT 2 wt% plaque microparts, which was taken 
from different regions, is given in Figure 8.3. As shown in Figure 8.1(b), the plaque 
microparts were divided into three sections along the FD, i.e. front region, middle region 
and end region, respectively. Each section of the microparts was fractured in liquid nitrogen 
across the TD and the morphology was taken from either the core layer or shear layer of 
each section. The fractured surface was chemically etched to remove the amorphous phase 
of PP [246]. It could be observed that the microstructure was different in various locations 
of the microparts, which could significantly affect the σ of resultant moldings. Although 
sufficient conductive pathways could be observed from the end region (Figure 8.3c), an 
intact conductive network was hardly observed in the middle region (Figure 8.3b), 
indicating that higher CNT concentration is needed to form continuous conductive 
pathways within the plaque microparts. A similar trend was also reported by Wegrzyn et 
al. [149] in conventional injection molded PC/ABS-CNT composites. In their study, the 
distribution and content of CNT in each part of the injection molded PC/ABS-CNT samples 
was evaluated using TGA. They reported that the distribution of CNT was inhomogeneous 
and the region farthest from the gate showed higher filler content, as displayed in Figure 
8.4. 
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Figure 8.3 The morphology of PP/CNT 2 wt% plaque microparts. Images were taken from 
the core layer of (a) front region, close to gate, (b) middle region and (c) end region, 
opposite to gate. 
 
Figure 8.4 The distribution and content of CNT in injection molded PC/ABS-CNT 5.0 wt% 
samples. Rectangular specimen was cut into pieces and analyzed with respect to the 
distance from gate, marked by the black arrow [149]. 
In addition, the microstructure of PP/CNT 5 wt% plaque microparts taken from the shear 
and core layers of the middle region is displayed in Figure 8.5. Results revealed that an 
intact conductive network could be well constructed in both layers of the microparts. 
However, a distinct difference in microstructure between both layers was discerned. For 
example, Figure 8.5(d) shows some areas where are devoid of CNT, which might be related 
to shear-induced migration of CNT, as often reported in injection molding process [352]. 
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Thus, a detailed analysis by TEM through the transverse direction of the microparts might 
be helpful to further elucidate this phenomenon. 
 
Figure 8.5 The morphology of PP/CNT 5 wt% plaque microparts. (a) and (b) were taken 
from the core layer whereas (c) and (d) were taken from the shear layer. 
8.3 Simulation (Moldflow) 
As per Section 4.5.6, the simulation software package, Autodesk Moldflow Synergy 2016, 
was used to evaluate the maximum shear rates in PP/CNT plaque microparts. Figure 8.6(a) 
shows the distribution of maximum shear rates within the microparts from the gate region 
to the end region of the plaque microparts. The change of shear rates is significant between 
the runner and mold cavity, which could lead to an orientation of polymer chains and CNT. 
The distribution of maximum shear rates as a function of distance across the TD with 
respect to each section of the microparts is displayed in Figure 8.6(b). It is apparent that 
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the highest shear rates for each region (see Figure 8.1b) occur near the shear layer of the 
microparts, however, the difference of maximum shear rates exist in each section of the 
microparts is insignificant. Therefore, the state of filler orientation along the flow direction 
of plaque microparts will be different when compared with each section of the three-step 
microparts, thereby affecting the σ of subsequent moldings. 
 
Figure 8.6 (a) Distribution of maximum shear rates (Moldflow) along the flow direction 
and (b) the probe plot of maximum shear rates as a function of distance across the thickness 
of the plaque microparts. 
8.4 Summary 
In summary, the morphology of PP/CNT microparts can be affected by the mold geometry 
employed, which could determine the electrical conductivity of subsequent moldings. For 
example, the FD σ for PP/CNT plaque microparts was invariably lower than either the FD 
σ or the TD σ of each section of the three-stepped counterparts when the filler concentration 
is less than 7 wt%, suggesting that the flowing path of the polymer melts could affect the 
development of microstructure. For example, morphology observations revealed that the 
development of microstructure in PP/CNT plaque microparts varied locally along the flow 
direction, which could be attributed to the influence of prevailing shearing and cooling 
effects in μIM. This observation is consistent with the results reported by Wegrzyn et al. 
[149]. In addition, there is likely a shear-induced migration of CNT in the shear layer of 
the microparts. Overall, a higher filler concentration of CNT is typically required to acquire 
intact conductive pathways in μIM and the variations of mold inserts could influence the 
mold filling, thereby affecting the development of microstructure. Therefore, the influence 
of mold cavity thickness on the electrical and morphological properties of CNT-containing 
plaque microparts is currently under investigation.  
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